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Abstract 
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Diseases 

Monkeypox  virus  (MPXV)  is  an  emerging/re-emerging  zoonotic  infection  endemic  to  Central 
Africa  that  produces  a  human  disease  similar  to  smallpox.  Since  the  cessation  of  active 
vaccination  and  the  global  eradication  of  smallpox,  monkeypox  has  emerged  as  a  potential 
biological  threat  due  to  the  vast  number  of  unvaccinated  individuals  worldwide.  Given  the 
adverse  events  associated  with  current  vaccination  strategies,  and  a  lack  of  fully  licensed 
therapeutic  options,  there  has  been  sustained  interest  in  countermeasure  development,  testing, 
evaluation,  and  implementation.  The  continued  development  of  animal  models  to  replicate 
human  disease  has  been  crucial  for  therapeutic  evaluation,  and  while  no  current  model 
recapitulates  all  the  features  of  human  disease,  nonhuman  primate  models  have  come  close. 

Here,  we  describe  the  construction  of  a  new  double  recombinant  fluorescent  monkeypox  virus 
(MPXV-GFP-tdTR),  validate  its  use  for  therapeutic  evaluation  in  vitro,  and  demonstrate  its 
pathogenicity  in  nonhuman  primates.  The  data  support  the  prospective  use  of  this  virus  for  future 
animal  model  development  and  therapeutic  evaluation  studies. 
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Introduction 


Background 

Orthopoxviruses 

The  Family  Pox virida e  consists  of  two  Subfamilies:  Chordopoxvirinae  (vertebrate  hosts) 
and  Entomopoxvirinae  (insect  hosts).  Chordopoxvirinae  is  separated  into  eight  Genera: 
Orthopoxvirus,  Parapoxvirus,  Avipoxvirus,  Capripoxvirus,  Leporipoxvirus,  Suipoxvirus, 
Molluscipoxvirus,  and  Yatapoxvirus.  The  genera  Orthopoxvirus  is  responsible  for  the  majority  of 
human  disease  and  mortality  caused  by  the  Poxviridae  family  of  viruses.  (19) 

Orthopoxviruses  are  large,  complex,  double  stranded  DNA  viruses  which,  unlike  most 
other  viruses,  replicate  solely  within  the  cytoplasm  of  an  infected  cell.  The  genome  can  range  in 
size  from  130-300kb,  and  the  virion  has  a  brick  like  structure  as  viewed  through  electron 
microscopy  (EM)  imaging.  The  virion  contains  4  main  structures:  a  nucleosome  core,  lateral 
body,  membrane,  and  envelope.  There  are  two  main  infectious  fonns  of  the  virus;  a  mature 
virion  (MV)  and  an  extracellular  enveloped  virion  (EV).  (19) 

The  virus  replication  cycle  (Fig.  1)  is  complex  and  begins  with  the  attachment  of  an 
infectious  virion  to  a  cellular  receptor.  MVs  have  been  shown  to  bind  cell  surface 
glycosaminoglycans  or  laminin,  while  EV  attachment  receptors  have  yet  to  be  identified  (41). 
Upon  fusion  with  the  plasma  membrane  or  macropinocytosis,  transcription  of  early  gene  proteins 
(transcription  factors  for  intermediate  genes,  DNA/RNA  polymerases,  growth  factors,  and  host 
cellular  modifiers)  occurs  immediately  (2).  Once  the  viral  core  is  uncoated,  DNA  replication 
occurs,  providing  a  genomic  template  for  intermediate  and  late  gene  transcripts  (41).  As  late 
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FIGURE  1.  ORTHOPOXVIRUS  REPLICATION  CYCLE. 


Visual  depiction  of  orthopoxvirus  entry,  transcription,  translation,  virion  assembly,  and  cellular 
exit  processes  within  a  permissive  cell  type.  The  process  is  complex,  includes  two  infectious 
forms  of  the  virus  (MV  and  EV)  and  several  distinct  stages  of  gene  expression.  Figure  obtained 
from  http://education.expasv.org/images/Poxviridae  cycle.jpg  (2) 
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proteins  are  generated  (most  of  which  are  structural  proteins  and  enzymes  for  virion  assembly), 
electron  dense  inclusion  bodies  (viral  factories)  form  near  the  endoplasmic  reticulum  (4).  Virus 
assembly  occurs  within  these  inclusion  bodies  beginning  with  the  fonnation  of  crescent-shaped 
lipoprotein  structures  that  enclose  viral  core  components  into  a  spherical  immature  virion  (4,  51). 
Morphogenesis  occurs  with  the  packaging  of  the  DNA  genome  into  the  immature  virion, 
followed  by  the  cleavage  of  core  proteins  and  the  inclusion  of  structural  polypeptides,  ultimately 
leading  to  the  formation  of  MVs  which  are  released  from  the  cell  following  lysis  (4,  5,  52). 
Approximately  10%  of  MVs  are  shuttled  by  microtubules  through  the  trans- golgi  network  or 
early  endosomes  where  they  acquire  two  additional  membranes  and  become  wrapped  virions 
(WV)  (41).  WVs  associate  with  the  microtubule  motor  kinesin  which  carries  these  virions  to  the 
cell  periphery  via  the  microtubule  network.  It  is  here  that  the  outermost  membrane  of  the  WV 
fuses  with  the  plasma  membrane,  releasing  EV  onto  the  cell  surface  (61).  Actin  tail 
polymerization  beneath  the  surface  of  EVs  propel  these  virions  toward  adjacent  cells,  facilitating 
cell-to-cell  spread  (61).  EVs  can  also  be  released  from  the  cell  surface,  which  contribute  to 
systemic  viral  dissemination.  The  additional  membrane  surrounding  EVs  contain  six  distinct  host 
proteins  (different  than  MV  membrane  proteins),  thought  to  protect  the  virions  from  normal  host 
immune  responses  (4,  41). 

Orthopoxviruses  are  genetically  and  antigenically  similar.  The  central  regions  of  the 
genome  where  structural  genes  involved  in  genome  replication,  morphogenesis,  egress,  binding, 
and  entry  are  located  are  highly  conserved  (58).  The  tenninal  ends  however,  are  much  more 
variable;  proteins  expressed  from  this  region  are  involved  in  immunomodulation  and  host  range 
determination  (40).  These  virulence  factors  are  important  for  dictating  cellular  and  host  species 
tropisms,  and  ultimately  disease  progression  (40).  Tenninal  end  divergence  is  a  major  factor  in 


3 


understanding  why  certain  orthopoxviruses  cause  no  disease  in  humans  (camelpox  virus), 
whereas  others  can  cause  severe  disease  in  humans  (variola  and  monkeypox  virus)  (19).  These 
differences  also  dictate  how  certain  orthopoxviruses  can  infect  a  wide  range  of  hosts  (cowpox 
virus),  whereas  others  are  restricted  to  only  one  host  (variola  virus)  (40). 

Human  disease  and  epidemiology 
Variola 

There  are  two  distinct  forms  of  smallpox:  variola  major,  which  causes  the  prototypical, 
highly  virulent  disease  with  a  case  fatality  rate  between  10-30%,  and  variola  minor  which  causes 
a  milder  systemic  disease  with  a  case  fatality  rate  less  than  1%.  Variola  virus  (VARV)  is  the  only 
orthopoxvirus  that  causes  disease  in  humans  that  is  not  zoonotic  in  nature.  The  most  common 
transmission  route  is  through  the  inhalation  of  aerosolized  respiratory  droplets,  although 
documented  contact  with  infectious  material  (fluids,  scabs,  and  contaminated  surfaces)  also  lead 
to  disease  development.  (13) 

Smallpox  was  a  global  pandemic  that  had  devastating  repercussions  on  dense 
unvaccinated  populations.  Due  to  the  availability  and  relatively  cheap  production  scheme  for 
vaccine  development,  the  World  Health  Organization  (WHO)  and  the  World  Health  Assembly 
launched  a  global  eradication  program  in  1959.  Widespread  progress  was  not  seen  until  1967 
when  efforts  were  focused  on  increased  surveillance  and  ring  vaccination  strategies  to  reduce  the 
number  of  susceptible  individuals.  By  late  1979,  the  WHO  had  declared  smallpox  eradicated. 

(36) 

Smallpox  disease  progression  in  a  natural  setting  was  characterized  by  an  asymptomatic 
incubation  phase  that  lasted  10-14  days.  This  was  followed  by  a  febrile  phase  which  lasted  3-4 
days,  during  which  time  patients  could  reach  a  temperature  near  103°F.  The  fever  was  typically 
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accompanied  by  headache,  backache,  vomiting,  and  prostration.  A  day  or  two  following 
incubation,  a  rash  appeared  on  the  extremities  (face,  mouth,  palms  and  soles  of  the  feet).  Lesions 
formed  and  progressed  synchronously  beginning  with  macular,  advancing  to  papular,  becoming 
enlarged  and  vesicular  by  day  4  or  5,  and  ultimately  pustular  by  day  7.  Lesions  began  to  scab  and 
encrust  by  day  14,  eventually  desquamating  and  leaving  a  pitted  scar.  The  majority  of  cases 
followed  this  disease  progression;  however,  a  small  percentage  (5%)  of  patients  developed  “flat 
smallpox”  which  presented  as  slower  developing  lesions  and  associated  with  a  higher  case 
fatality  rate  of  80%.  Hemorrhagic  smallpox  occurred  in  less  than  1%  of  all  cases,  where  hallmark 
symptoms  included  hemorrhage  into  the  skin  and  mucosal  membranes,  a  lack  of  lesion  formation 
and  near  unifonn  fatality  within  1  week.  (13,  19,  36) 

Monkeypox 

Monkeypox  virus  (MPXV)  is  a  zoonotic  orthopoxvirus  that  produces  a  human  disease 
very  similar  to  smallpox.  First  identified  in  1958  in  captive  cynomolgus  nonhuman  primates 
(10),  MPXV  contains  96.3%  genomic  homology  with  variola;  however,  they  do  not  share  an 
orthopoxvirus  genus  ancestor  and  have  genetic  differences  in  the  terminal  ends  of  the  genome 
that  are  important  for  virulence  and  host  range  (14).  MPXV  is  considered  an  emerging  or  re- 
emerging  infectious  disease  that  naturally  infects  a  number  of  wild  animal  (mostly  rodent) 
species,  from  which  it  can  then  be  transmitted  to  humans.  Due  to  the  presence  of  reservoir  hosts, 
MPXV  was  able  to  survive  beyond  the  global  smallpox  eradication  campaign  (10). 

The  first  human  case  was  detected  in  1970  in  the  Democratic  Republic  of  Congo  (DRC). 
Clinical  disease  progression  is  nearly  identical  to  nonnal  human  smallpox,  which  caused  a 
possible  underreporting  of  active  cases  prior  to  the  eradication  of  smallpox.  Following  exposure 
to  the  virus,  there  is  an  incubation  period  that  lasts  10  to  14  days.  A  typical  prodrome  period 
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(fever,  malaise,  headache,  and  backache)  occurs  1  to  3  days  prior  to  rash  onset.  Roughly  90%  of 
human  cases  present  with  severe  lymphadenopathy  (unilateral  or  bilateral  in  several  lymph  node 
regions)  1  to  2  days  post  fever  onset,  a  hallmark  and  key  characteristic  for  distinguishing 
monkeypox  from  smallpox.  Rash  presentation  is  clinically  indistinguishable  from  classical 
smallpox  and  occurs  in  a  centrifugal  pattern.  Lesions  progress  through  the  characteristic  macular, 
papular,  vesicular,  and  pustule  phases,  culminating  in  scabs  which  desquamate  leaving 
dyspigmented  scars.  The  disease  course  generally  lasts  4-5  weeks  and  severity  is  correlated  with 
age,  previous  vaccination,  nutritional,  and  immunological  status.  Monkeypox  has  a  case  fatality 
rate  of  approximately  10%,  with  most  deaths  occurring  in  unvaccinated  children.  (10,  14) 

Ecological  studies  conducted  in  the  DRC  identified  direct  contact  with  reservoir  species 
(rope  squirrels,  pouched  rats,  and  donnice)  account  for  the  majority  of  primary  transmission 
cases  (21).  Secondary  (human-human)  transmission  occurred  through  either  inhalation  of 
aerosolized  virus  or  direct  contact  with  infected  individuals  or  contaminated  material.  Most 
secondary  cases  occurred  in  households  of  infected  individuals,  often  involving  unvaccinated 
children.  Serological  surveillance  studies  conducted  from  1970  -  2003  illustrate  the  distribution 
of  human  cases  across  the  densely  forested  regions  of  Western  and  Central  Africa  (Fig.  2). 
Several  hundred  cases  were  confirmed  during  this  time  frame;  including  a  large  outbreak  that 
occurred  in  1996-97  where  there  were  511  cases,  a  significant  number  of  which  were  attributed 
to  secondary  transmission.  (10,  14,  21) 

In  2003,  monkeypox  was  introduced  into  the  United  States  when  infected  rodents  from 
Ghana  (West  African  country)  were  imported  into  Texas  (Fig.  3).  Gambian  rats  were  transported 
to  Iowa,  then  Chicago  where  they  were  co-housed  with  prairie  dogs.  Infected  prairie  dogs  were 
sold  and  distributed  across  multiple  states  including  Wisconsin,  Illinois,  Indiana,  Missouri, 
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Source:  R$  Levine  (2007)  PLoS  ONE  Last  update  on:  1 1/02/201 1 

FIGURE  2.  HUMAN  MONKEYPOX  DISTRIBUTION  IN  AFRICA. 

Confirmed  cases  of  human  monkeypox  disease  distribution  throughout  Africa  from  1970-2003 
are  shown  in  red.  The  distribution  demonstrates  the  geographical  separation  of  the  two  infectious 
clades  (Western  vs.  Central)  where  the  majority  of  cases  are  located  in  the  Democratic  Republic 
of  Congo  (DRC).  Data  originally  obtained  from  Levine,  2007  (38)  updated  by  Wertheim,  2012 
(64)  in  2011. 
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Kansas,  and  Ohio  and  were  the  primary  infection  source  for  patients  who  developed  disease.  In 
total,  71  cases  were  reported;  of  those,  37  were  laboratory  confirmed,  and  10  were  deemed 
probable  cases.  None  of  the  cases  were  associated  with  secondary  transmission,  patients 
appeared  to  have  a  milder  form  of  the  disease  (less  severe  rash),  and  none  were  fatal.  (10,  14) 
Upon  further  evaluation,  it  was  determined  that  MPXV  exists  as  two  distinct  clades:  Western 
Africa/USA  and  Congo  Basin.  Genetic  changes  in  complement  control  protein  C3L,  which  is 
truncated  in  the  western  clade  virus,  contribute  to  differences  in  virulence  and  pathogenesis  (29, 
39).  C3L  is  a  secreted  complement  control  protein  that  prevents  the  normal  recruitment  and 
activation  of  complement,  an  important  mediator  in  the  recruitment  of  immune  cells  required  for 
controlling  infections  (29).  The  deletion  of  C3L  from  the  Congo  Basin  clade  virus  reduced 
morbidity  and  mortality  in  prairie  dogs  infected  intranasally  (29). 

Since  1986,  passive  surveillance  in  the  DRC  has  been  the  only  source  of  information 
about  monkeypox  in  this  region.  An  insufficient  health  care  system  coupled  with  poor 
infrastructure  made  passive  reporting  extremely  inaccurate,  and  the  true  health  burden  and 
geographic  range  of  monkeypox  was  uncertain.  In  November  of  2005,  active  surveillance  was 
initiated  in  the  DRC.  This  study  surveyed  the  same  health  zones  in  the  DRC  that  were  assessed 
during  the  WHO  active  disease  surveillance  program  conducted  from  1981-1986.  Between 
November  2005  and  November  2007,  760  cases  of  active  monkeypox  were  confirmed  by 
MPXV-specific  PCR.  This  number  represented  a  significant  increase  in  prevalence  in  this  region 
30  years  following  the  cessation  of  smallpox  vaccination.  Decreasing  herd  immunity,  poor  health 
care,  malnutrition,  and  secondary  infections  (particularly  HIV)  were  a  few  of  the  factors  that 
made  this  population  extremely  susceptible  to  MPXV  infection.  As  in  the  1980s,  most  of  the 
cases  occurred  in  unvaccinated  individuals  under  the  age  of  30,  and  most  occurred  in  health 
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|  World  areas  with  reported  cases  of  |  Number  of  human  monkeypox  cases  by  state  f  Row  of  infected  African  rodents  implicated 
human  monkeypox  (1970-2003)  during  the  2003  US  outbreak  (number  of  in  the  2003  US  outbreak 

laboratoryconfirmed  cases) 

FIGURE  3.  HUMAN  MONKEYPOX  DISTRIBUTION  IN  THE  UNITED  STATES. 

Human  monkeypox  cases  occurred  in  the  U.S.A.  in  2003  due  to  the  importation  of  infected 
Gambian  rodents  that  were  co-housed  with  prairie  dogs.  Of  the  71  reported  cases,  37  were 
laboratory  confirmed,  10  were  probable  cases,  and  none  were  fatal.  Figure  obtained  from  Di 
Guillo,  2004  (14). 
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zones  located  in  forested  areas  where  humans  are  brought  into  close  contact  with  animal 
reservoirs.  L’Hopital  General  Reference  de  Kole,  one  of  the  two  sites  of  the  original  monkeypox 
investigation  has  continued  to  report  roughly  100  cases  per  year  for  the  past  30  years.  (21,31, 

51) 

Monkeypox  virus  is  a  threat  to  military  forces  operating  in  endemic  regions  and  to  the 
US.  Its  potential  for  epidemic  human- to-human  spread  in  large  urban  populations  is  unknown, 
and  it  remains  a  viable  bioterrorism  threat.  New  disease  prevention  strategies  are  being 
development  to  combat  the  accidental  or  deliberate  release  of  smallpox  and  monkeypox. 

Disease  Prevention 

Nonhuman  primate  animal  models 

One  of  the  main  challenges  in  any  vaccine  or  therapeutic  development  program  is  the 
creation  of  animal  models  that  accurately  represent  human  disease  when  efficacy  studies  cannot 
be  conducted  in  humans.  Three  hallmarks  of  a  successful  animal  model  include  similar  disease 
course  as  seen  in  humans,  a  natural  route  of  infection,  with  a  natural  infectious  dose.  To  fulfill 
the  animal  efficacy  rule  as  set  forth  by  the  FDA,  several  different  animal  models  have  been 
developed  that  replicate  orthopoxvirus  disease  in  humans  to  varying  degrees. 

Current  animal  models  in  orthopoxvirus  research  span  across  multiple  virus  and  animal 
species.  A  partial  list  of  available  models  for  variola  and  monkeypox  is  depicted  in  Table  1.  The 
only  variola  animal  model  exists  in  nonhuman  primates  ( Cynomolgus  Macaques),  which  were 
infected  with  a  very  high  infectious  dose  intravenously  (IV).  Though  the  infection  route/dose 
was  highly  unnatural,  the  animals  developed  disease  similar  to  what  was  seen  in  human  cases  of 
smallpox.  The  mortality  rate  was  approximately  33%,  which  correlated  with  human  disease.  (30) 
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Virus/Natural 
Host  Species 

Animal  Model 

Infection 

Route 

Dose 

(pfu) 

Primary  Lesions/Disease 

Cynomolgus 

Macaque 

IV 

109 

Hemorrhages,  hemorrhagic 
effusions,  early 
enanthema/ exanthema 

Variola/Human 

IV 

108 

Enanthema/ exanthema 

Aerosol 

108  5 

Mild  pulmonary  disease  and 
exanthema 

Rhesus  Macaque 

IV 

2xl07 

Vesiculopustular  rash, 
lymphadenopathy 

IV 

5xl07 

Vesiculopustular  rash, 
lymphadenopathy, 
splenomegaly 

Monkeypox/ 

Rodent 

(squirrel) 

Cynomolgus 

Macaque 

Aerosol 

10,000- 

141,00 

Fibrinonecrotic 
bronchopneumonia, 
necrotizing  dermatitis, 
lymphoid  necrosis 

IT 

107 

Fibrinonecrotic 
bronchopneumonia, 
necrotizing  dermatitis, 
lymphoid  necrosis 

IT 

106 

Mild  necrotizing 
bronchopneumonia 

Monkeypox/ 

Rodent 

(squirrel) 

Black-tailed 

IP 

12,600 

Splenic  necrosis, 
hepatic  necrosis 

Prairie  Dog 

ID 

25,200 

Pulmonary  edema, 
hemorrhage,  necrosis 

Monkeypox/ 

Rodent 

(squirrel) 

IP 

12,600 

Centrilobular  hepatic 
necrosis,  interstitial 
pneumonia 

13 -lined 

Ground  Squirrel 

IN 

25,200 

Diffuse  hepatic  necrosis, 
interstitial  pneumonia 

SC 

100 

Multifocal  splenic  and 
hepatic  necrosis,  edema, 
hemorrhage 

TABLE  1.  ANIMAL  MODELS  OF  ORTHOPOXVIRUS  INFECTION. 


A  partial  list  depicting  anirnal  models  of  VARV  and  MPXV  infection  detailing  primary  lesion 
and  disease  development.  Information  obtained  from  Chapman,  2010  (7). 
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Since  the  eradication  of  smallpox,  work  with  VARV  was  restricted  to  two  locations,  the 
CDC  and  the  Vector  laboratory  in  New  Siberia;  therefore,  MPXV  emerged  as  a  surrogate  model 
for  smallpox  disease  (35).  Challenges  associated  with  working  with  MPXV  include  the  use  of 
Bio  Safety  Level  3+  (BSL-3+)  facilities  in  conjunction  with  obtaining  proper  vaccinations,  a 
Department  of  Justice  (DOJ)  registration  number,  and  acceptance  into  an  approved  biosurety 
program.  Concerns  over  MPXV’s  potential  use  for  bioterrorism  have  earned  it  the  classification 
as  a  Category  C  select  agent  according  to  the  CDC  select  agent  program  (44),  and  as  such,  any 
laboratory  work  is  highly  regulated.  There  are  currently  several  monkeypox  specific  animal 
models  (Table  1)  including  infections  of  immunodeficient  mouse  strains,  ground  squirrels, 
prairie  dogs,  and  nonhuman  primates  (NHP).  Thus  far,  the  NHP  models  have  been  the  most 
representative  of  human  disease  and  many  studies  have  been  conducted  to  characterize  disease 
progression  in  regards  to  therapeutic  evaluation  (7). 

The  intravenous  (IV)  infection  route  of  MPXV  used  with  cynomolgus  macaques  as 
described  by  Huggins  et  al.  (30)  has  been  the  primary  NHP  model  for  therapeutic  evaluations 
due  in  part  to  the  consistently  high  mortality  rate  (greater  than  95%).  Unfortunately,  the  model 
utilizes  an  extremely  high  infectious  dose  (5xl07  plaque  forming  units  -  pfu)  and  an  unnatural 
route  of  infection  that  bypasses  primary  viremia.  As  a  result,  the  animals  have  an  accelerated 
incubation  period,  but  lesion  development  and  progression  is  otherwise  identical  to  that  seen  in 
human  cases.  The  animals  develop  marked  lymphadenopathy,  splenomegaly  and  pulmonary 
edema  (7).  In  some  instances,  animals  develop  and  succumb  within  days  to  hemorrhagic 
monkeypox,  which  clinically  resembles  hemorrhagic  human  smallpox.  (30,  32) 

Upon  confirmation  that  NHP  infections  could  accurately  represent  human  monkeypox 
disease,  infection  models  focusing  on  respiratory  challenge  were  developed  to  simulate  a  more 
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natural  route  of  infection.  Two  such  techniques  involved  the  exposure  of  NHPs  to  MPXV  with 
an  automated  bioaerosol  exposure  system  with  a  three-jet  collision  nebulizer  (aerosol)  (43),  and 
the  deposition  of  inoculum  directly  into  the  left  tertiary  bronchus  (IB)  (33).  In  the  aerosol  model, 
animals  were  challenged  with  varying  viral  doses  and  succumbed  to  severe  bronchopneumonia 
without  systemic  lesion  development.  Lesions  were  detected  on  the  lungs  at  necropsy,  and  virus 
detection  (IHC,  ultrastructural,  plaque  assay)  in  the  spleen,  thymus,  liver,  and  kidney 
demonstrated  widespread  distribution  and  viral  replication.  The  IB  infection  route  involved  3  mL 
of  liquid  inoculum  (5xl05  and  5xl06  pfu)  deposited  directly  into  the  bronchial  airway.  The 
animals  developed  classical  lesion  distribution  and  high  blood  viral  titers;  however,  uniform 
lethality  was  not  observed.  While  both  models  more  closely  mimicked  a  natural  infection  route, 
each  had  its  drawbacks  which  included  expense,  high  and/or  variable  infection  dose  (aerosol), 
unnatural  disease  course,  and  non-uniform  lethality. 

To  better  address  the  issues  of  developing  a  more  representative  respiratory  model  of 
monkeypox  infection,  our  group  characterized  a  novel  intratracheal  (IT)  exposure  route  as 
described  by  Goff  et  al.  (24).  To  detennine  an  appropriate  infectious  dose,  three  separate  animal 
studies  (n=  3  NHPs  per  study)  using  three  different  doses  of  virus  (3.42xl06,  8.37xl06,  and 
3.53xl07  pfu)  were  conducted.  Animals  were  infected  with  100  uL  of  virus  inoculum  just  above 
the  bifurcation  of  the  trachea  using  a  liquid  MicroSprayer  attached  to  a  bronchoscope.  This 
method  ensured  an  even  distribution  of  the  virus  within  the  lungs  in  a  more  manageable  volume 
as  compared  to  the  IB  model.  The  animals  were  monitored  twice  a  day  and  evaluated  for  lesion 
development,  viral  blood  titers,  changes  in  blood  chemistries,  respiratory  involvement, 
lymphadenopathy,  and  overall  disease  severity.  (24) 
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All  three  infection  doses  resulted  in  classical  monkeypox  disease  with  blood  viral  titers 
greater  than  106  by  day  8  and  10  post- infection  (24).  The  mortality  rates  for  the  respective 
infection  doses  were  33%  (3.42xl06  dose),  and  66%  (both  8.37xl06  and  3.53xl07  doses).  Total 
lesion  counts  ranged  from  100  -  500  and  reached  peak  numbers  by  day  10  post-infection. 
Animals  with  severe  disease  had  highly  elevated  blood  urea  nitrogen  (BUN)  levels  and  either 
succumbed  or  were  humanely  euthanized  between  day  10  and  16  post-infection.  At  the  peak  of 
disease,  D8  and  D10  post- infection,  all  animals  demonstrated  a  spike  in  white  blood  cell  (WBC) 
count  and  a  reduction  in  red  blood  cell  (RBC)  count.  There  was  an  overall  platelet  increase 
(greater  than  200%)  in  all  animals  that  survived  to  the  end  of  the  study.  (24) 

Necropsy  findings  in  animals  that  succumbed  or  were  moribund  included  fibrononecrotic 
bronchopneumonia  with  edematous  lungs  that  failed  to  collapse  (24).  Necrotic  lesions  were 
found  along  the  trachea  and  on  the  outer  surfaces  of  the  lungs.  Ulcerative  lesions  were  seen  on 
the  oral  mucosa,  esophagus,  stomach,  and  urinary  bladder.  Animals  that  survived  infection  had 
areas  of  necrosis  in  the  lung,  tracheal  congestion  along  with  enlarged  peripheral  lymph  nodes, 
and  desquamated  skin  lesions.  (24) 

Based  on  the  disease  manifestations  and  mortality  rate,  the  8.37xl06pfu  dose  was 
determined  to  be  the  optimal  infection  dose  for  this  model  (24).  While  this  was  still  considered 
an  “unnatural”  dose,  it  was  a  log  lower  than  the  dose  required  in  the  IV  model.  While  this  model 
did  not  yield  a  uniformly  fatal  disease,  it  satisfied  other  aspects  of  a  good  animal  model  in  that  it 
utilized  a  lower  infection  volume  and  was  more  representative  of  how  aerosol  droplets  are  passed 
between  individuals  during  orthopoxvirus  transmission.  To  further  characterize  this  model, 
follow  up  experiments  tracking  virus  dissemination  following  lung  infection  would  improve  our 
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understanding  of  how  monkeypox  pathogenesis  occurs.  This  model  also  represents  another 
platform  for  therapeutic  evaluation.  (24) 

Prevention  and  therapy 
Vaccines 

The  eradication  of  smallpox  and  the  cessation  of  vaccination  programs  in  the  early  1980s 
has  resulted  in  a  largely  susceptible  human  population.  While  the  natural  reoccurrence  of 
smallpox  is  unlikely,  fears  regarding  the  intentional  release  of  weaponized  variola  or 
monkeypox,  and  ongoing  monkeypox  outbreaks  in  Africa  have  prompted  investigations  into  the 
development  of  new  vaccine  and  therapeutic  strategies.  The  ultimate  goal  is  the  continued 
creation  of  products  that  are  cross-reactive  and  cross-protective  against  multiple  orthopoxviruses. 

During  the  eradication  campaign,  live  vaccinia  virus  (most  notably,  Dryvax®  in  the 
USA)  was  administered  percutaneously  on  the  arm  by  the  use  of  a  bifurcated  needle.  A  positive 
take  to  the  vaccine  was  characterized  by  the  fonnation  of  a  localized  skin  reaction  with  vesicle, 
pustule,  and  finally  scab  formation  which  detached  in  2  to  3  weeks.  The  most  common  side 
effects  included  low  grade  fever,  headache,  general  malaise,  and  lymphadenopathy.  The  entire 
vaccination  process  took  up  to  4  to  5  weeks,  though  protection  was  seen  much  earlier  and  lasted 
several  years.  Immunocompetent  individuals  generated  neutralizing  antibodies  that  were  cross- 
protective  against  both  smallpox  and  monkeypox.  (42) 

As  with  any  live  vaccine  there  were  adverse  events,  especially  when  administered  to 
individuals  who  were  immunocompromised  or  had  severe  skin  conditions  such  as  eczema  or 
psoriasis  (45).  There  was  a  risk  of  developing  secondary  complications  such  as  eczema 
vaccinatum,  generalized  or  progressive  vaccinia,  and  myocarditis  (45).  Eczema  vaccinatum 
occurred  in  individuals  with  eczema  who  were  vaccinated  or  came  into  contact  with  vaccinated 
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individuals  and  presented  as  a  vesicular  or  pustular  rash  with  some  systemic  symptoms  (67). 
Progressive  vaccinia  occurred  in  immunocompromised  individuals  and  was  characterized  as 
necrotic  lesions  at  the  site  of  vaccination  that  failed  to  heal  and  the  appearance  of  secondary 
lesions  on  other  areas  of  the  body  (67).  Both  complications  were  very  serious  and  sometimes 
fatal.  Accidental  ocular  infections  and  generalized  vaccinia,  which  was  characterized  by  the 
appearance  of  pustular  lesions  on  secondary  sites,  were  not  associated  with  any  immune 
deficiencies  and  responded  well  to  vaccinia  immune  globulin  (VIG)  therapy  (67). 

As  stocks  of  vaccine  dwindled,  new  vaccine  candidates  have  been  developed  and 
categorized  into  “generations.”  First  generation  vaccines  are  strains  used  during  the  eradication 
campaign.  Second  generation  vaccines  (ACAM2000,  Elstree-BN,  and  Cell-cultured  smallpox 
vaccine)  are  live  vaccinia  virus  (VACV)  strains  grown  and  plaque  picked  in  cell  culture  to 
ensure  a  more  uniform  virus  population  as  compared  to  the  variants  found  in  Dryvax.  While 
these  vaccines  elicit  quantifiable  levels  of  protection  (neutralizing  antibodies  and  T-cell  immune 
responses)  similar  to  individuals  vaccinated  with  Dryvax,  they  also  have  the  potential  to  induce 
the  same  secondary  complications  (27).  Third  generation  vaccines  (LC16m8,  MVA,  NYVAC) 
use  attenuated  viruses  to  produce  robust  immune  responses  (42).  MVA  has  been  demonstrated  to 
provide  protection  against  MPXV  challenge  in  NHPs  (57)  and  elicit  a  high  neutralizing  antibody 
titer  in  phase  II  human  trials  (60,  65).  Fourth  generation  vaccines  are  subunit  vaccines  (DNA  or 
protein  based)  that  are  orthopoxvirus-specific  and  designed  to  be  safer  with  less  adverse  events 
(45).  Some  of  these  next  generation  vaccine  candidates  have  been  shown  to  provide  protection 
against  MPXV  infections  in  NHPs  (25,  28). 

Therapeutics 

There  is  currently  no  fully  licensed  therapeutic  available  for  the  treatment  of 
orthopoxvirus  infections.  Given  the  complications  associated  with  current  vaccines  and  the  time 
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for  a  protective  immune  response  to  be  generated,  interest  in  the  development  of  post-exposure 
therapeutics  for  orthopoxvirus  infections  has  continued  to  increase. 

Due  to  the  complex  replication  cycle  of  orthopoxviruses,  there  are  many  potential  targets 
for  therapeutic  disruption.  One  example  is  the  use  of  vaccinia  immune  globulin  (VIG),  which  is 
isolated  from  the  plasma  of  individuals  who  have  received  the  VACV  vaccine.  VIG  has  typically 
only  been  used  for  the  treatment  of  patients  who  experience  vaccine  related  adverse  events.  In 
theory,  the  neutralizing  antibodies  that  comprise  VIG  would  provide  passive  protection  against 
cellular  infection;  however,  the  effectiveness  of  VIG  as  a  primary  treatment  strategy  has  not  been 
conclusively  demonstrated.  (13,  46) 

There  are  three  synthesized  compounds  (Cidofovir,  CMX001,  and  ST-246)  that  have 
gained  investigational  new  drug  (IND)  status  for  use  against  orthopoxvirus  infections.  Cidofovir 
and  ST-246  have  been  shown  to  be  protective  against  variola  and  monkeypox  challenge  in  lethal 
NHP  models  (3,  30,  35,  36,  57).  Safety  testing  for  human  use  and  further  development  are 
ongoing. 

Cidofovir  (Gilead  Sciences)  targets  the  virus  DNA  polymerase  and  prevents  severe 
disease  in  NHP  when  given  48  hr  post-infection  (49).  In  its  current  formulation,  the  drug  must  be 
administered  IV  and  may  cause  some  nephrotoxicity  (seen  in  one  case  following  three  doses). 
CMX001  (Chimerix)  is  a  pro-drug  of  cidofovir  that  contains  an  additional  lipid  conjugate  and 
provides  a  bioavailable  platfonn  for  drug  delivery.  This  newly  designed  pro-drug  has  the  same 
mechanism  of  action,  while  the  lipid  conjugate  increases  the  targeting  and  uptake  of  the  drug  in 
specific  organs  important  for  viral  replication.  It  has  been  shown  to  be  protective  in  multiple 
orthopoxvirus  animal  models  (ectromelia/mice,  rabbitpox/rabbits,  monkeypox/NHPs),  is  being 
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developed  for  other  DNA  viruses  (BK  virus  in  transplant  patients)  and  is  now  in  clinical 
development  for  prophylactic  use.  (49) 

ST-246  (Siga  Technologies)  targets  the  fonnation  of  extracellular  enveloped  virions  (EV) 
by  blocking  the  wrapping  of  mature  virions  (MV)  during  viral  morphogenesis  (36).  Inhibiting 
this  process  reduces  infectious  virus  production  and  release,  thereby  decreasing  overall  systemic 
dissemination.  ST-246  is  orally  bioavailable  and  been  shown  to  be  protective  post-exposure  and 
after  onset  of  lesions  in  animal  models  of  orthopoxvirus  infections.  These  studies  include  the 
treatment  of  NHP  infected  with  either  VARV  (24  hours  post-infection)  or  MPXV  (3  days  post¬ 
infection)  (36).  Blood  viral  titers  remained  low  and  were  cleared  within  6  days;  and  animals  did 
not  develop  any  lesions.  ST-246  is  being  reviewed  in  “fast-track”  status  for  FDA  approval  due  to 
its  antiviral  effectiveness  and  low  toxicity  profile.  (36) 

VIG,  cidofovir,  CMX001,  and  ST-246  all  directly  target  the  virus  by  interfering  with 
distinct  stages  of  the  virus  life  cycle  (binding  and  entry  for  VIG,  replication  for  cidofovir  and 
CMX001,  and  morphogenesis  for  ST-246).  Although  targeting  the  virus  directly  is  beneficial  as 
it  reduces  pathogenesis  while  minimizing  potential  side  effects,  the  development  of  drug 
resistant  virus  variants  is  a  possibility  as  evidenced  through  the  in  vitro  use  of  cidofovir  and  ST- 
246  (1,  66).  An  alternative  strategy  is  to  indirectly  target  the  virus  by  enhancing  the 
immunological  response  to  the  virus.  Recently,  it  was  shown  that  Interferon- (3  could  reduce  virus 
production,  release,  and  spread  in  vitro  when  administered  either  prior  to  infection  or  up  to  12  hr 
post-infection  (34). 

Intcrfcron-Pcta  and  MxA 

Interferon  (IFN)  is  a  secreted  cytokine  that  has  antiviral  properties.  There  are  three  main 
types:  I,  II,  III.  IFN-P  is  a  type  I  interferon  which  is  known  to  produce  a  direct  response  to  viral 
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infections.  The  IFN-P  signaling  cascade  can  be  induced  either  through  the  recognition  of  viral 
specific  proteins  by  host  cell  receptors,  or  through  the  binding  of  IFN  by  IFN  receptors,  which 
are  found  almost  ubiquitously.  Once  activated,  a  large  subset  of  inducible  genes  are  transcribed, 
promoting  the  cell  to  enter  an  “antiviral”  state.  The  antiviral  response  includes  cell  cycle  arrest, 
apoptosis,  increased  MHC  class  I/II  expression  and  antigen  presentation.  Additionally,  IFN-P 
pre -treatment  can  enhance  the  cell’s  ability  to  produce  more  IFN-P,  establishing  a  positive 
feedback  loop.  IFN-P  modulates  the  immune  response  by  promoting  the  maturation  of  dendritic 
cells,  increasing  natural  killer  cell  activity,  and  promoting  the  division  of  memory  CD8+  T-cells. 
(50) 

Orthopoxviruses,  namely  vaccinia,  have  been  shown  to  produce  at  least  13  different 
proteins  (most  are  produced  early  in  infection)  that  interfere  with  normal  IFN  activity  (48).  The 
disruptions  include  blocking  enzymatic  processes  within  the  cell  to  prevent  downstream 
transcriptional  events  and  the  secretion  of  decoy  IFN  receptors  to  prevent  the  induction  of  the 
exogenous  signaling  cascade  (48).  The  redundancy  seen  during  the  viral  replication  process 
illustrates  the  importance  of  IFN  production  for  controlling  viral  infections.  The  importance  of 
IFN-P  was  demonstrated  in  studies  where  recombinant  vaccinia  viruses  that  produced  IFN-P 
greatly  attenuated  the  amount  of  virus  replication  seen  within  a  murine  cell  line  (11).  The 
potential  in  vivo  use  of  IFN-P  was  demonstrated  when  rhesus  monkeys  (infected  intradermally 
with  VACV)  failed  to  develop  lesions  following  intravenous  IFN  treatment  (62). 

Myxovirus  resistance  protein  1  (MxA)  is  a  member  of  the  dynamin  superfamily  of 
GTPases  that  is  highly  regulated  by  IFN.  MxA  is  found  in  the  cytoplasm,  is  involved  with 
intracellular  membrane  trafficking,  and  forms  ring-like  oligomeric  structures  (26).  It  has  been 
shown  to  have  antiviral  activity  by  inhibiting  the  replication  of  influenza,  measles,  and  specific 
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bunyaviruses  (56).  The  effects  of  IFN-  P  on  MxA  induction  as  a  potential  antiviral  strategy  have 
only  recently  been  evaluated  for  MPXV  infections  (34). 

Fluorescent  Viruses 

Green  fluorescent  protein  (GFP)  is  isolated  from  the  Aequorea  jellyfish.  Enhanced  GFP 
(eGFP)  is  a  derivative  generated  by  specific  point  mutations  made  to  the  original  protein  that 
alter  its  excitation  peak  and  increase  its  stability  (59).  eGFP  has  an  excitation  peak  of  488nm  and 
emission  peak  between  507-509nm,  making  it  a  popular  fluorophore  in  cellular  biology  due  to  its 
similarities  to  fluorescein  (FITC),  the  most  widely  used  small  molecule  fluorophore.  One  of  the 
first  uses  of  eGFP  was  the  fusion  to  specific  cellular  promoters  to  examine  gene  expression 
without  the  use  of  any  enzymatic  substrates.  Cells  actively  producing  the  protein  emitted  green 
light  under  the  right  excitation  sources  and  could  be  detected  using  multiple  techniques  (flow 
cytometry,  fluorescence  microscopy,  microplate  reader,  and  confocal  microscopy).  eGFP  has 
also  been  used  to  create  fusion  proteins  that  allow  for  the  identification  and  visualization  of 
specific  proteins  and  organelles  within  a  cell.  (59) 

Tandem  dimer  tomato  red  (tdTR)  is  a  derivative  of  a  monomeric  red  fluorescent  protein, 
which  is  isolated  from  the  Discosoma  species  of  coral.  To  increase  stability  and  fluorescence 
intensity,  “gfp-type  C-  and  N-terminal  ends”  are  inserted  and  two  copies  of  the  gene  are  fused 
together  to  prevent  aggregation  (55).  The  excitation  and  emission  peaks  for  tdTR  are  554nm  and 
581nm  respectively,  which  allows  for  concurrent  use  with  eGFP. 

Studies  have  shown  that  recombinant  VACV  with  eGFP  under  the  control  of  viral 
promoters  can  be  used  to  demonstrate  infection  within  specific  cell  populations  in  vitro  (15,  54). 
In  most  studies,  eGFP  was  under  the  control  of  a  synthetic  vaccinia  virus  early/late  promoter 
which  produced  eGFP  early  during  infection  (6).  In  other  studies,  recombinant  MVA  was 
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constructed  to  express  eGFP,  which  allowed  for  the  rapid  detection  of  neutralizing  antibody 
responses  in  vaccinated  individuals  and  demonstrated  the  extended  use  of  fluorescent  proteins  in 
vaccine  and  therapeutic  evaluations  (9). 

The  generation  of  double  recombinant  viruses  expressing  different  fluorescent  proteins 
under  different  viral  promoters  is  a  powerful  technique  used  to  understand  viral  pathways  and  for 
the  evaluation  of  therapeutics.  Recent  work  using  such  recombinant  vaccinia  viruses 
demonstrated  retention  of  normal  growth  kinetics  and  provided  the  platform  for  the  discovery  of 
a  novel  anti-orthopoxvirus  compound  (16,  17). 

Fluorescent  protein-expressing  viruses  have  also  been  used  in  several  different  animal 
model  systems  to  evaluate  disease  pathogenesis  and  immune  response,  and  to  evaluate  novel 
therapeutics.  For  example,  the  use  of  eGFP  expressing  measles  virus  allowed  researchers  to  track 
virus  replication  and  dissemination  within  specific  immune  cell  populations  and  tissues 
throughout  the  disease  course  in  NHPs  (12).  Recombinant  eGFP  expressing  CPXV  and  MPXV 
have  also  been  characterized  in  animal  models,  showing  only  slight  attenuation  and  allowing  for 
visual  representation  of  viral  dissemination  (22,  23). 

Hypothesis 

Until  recently  eGFP  was  the  only  fluorescent  gene  inserted  into  MPXV-Zaire  79  (22). 
While  this  recombinant  virus  could  be  used  to  demonstrate  virus  presence,  its  use  for  evaluating 
changes  in  productive  vs.  nonproductive  infections  during  animal  model  development  and 
therapeutic  evaluation  was  limited.  The  original  intended  use  for  the  generation  of  a  double 
recombinant  fluorescent  MPXV  was  to  test  the  hypothesis  that  monocyte  derived  cell  types  were 
preferentially  targeted  during  monkeypox  infections,  and  that  subsequent  changes  in 
activation/maturation  of  the  infected  cells  correlated  with  changes  in  the  pro-inflammatory 
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cytokine  profile,  which  would  influence  disease  progression.  The  aims  addressed  in  this  thesis 
were  to:  i)  demonstrate  the  proper  generation  and  characterization  of  MPXV-GFP-tdTR,  which 
contained  two  fluorescent  genes  under  the  control  of  different  viral  promoters  and  retained 
virulence;  ii)  validate  the  use  of  the  virus  in  study  of  therapeutic  drug  effects;  and  iii) 
demonstrate  disease  in  a  nonhuman  primate  model  of  infection  by  the  double  recombinant  virus. 
The  generation  of  this  recombinant  virus  was  done  with  approval  from  the  Institutional  Biosafety 
Committee  (IBC)  within  the  United  States  Army  Medical  Research  Institute  of  Infectious 
Disease  (USAMRIID),  and  all  experiments  were  conducted  in  highly  regulated  BSL-3+ 
containment  laboratories. 
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Materials  and  Methods 


Double  Recombinant  MPXV-GFP-tdTR 

The  expression  plasmid  pcDNA-DEST40  and  its  description  map  were  provided  by  Drs. 
Mohamed  Mohamed  and  Grant  McFadden  (University  of  Florida).  The  plasmid  (Fig  4A) 
contains  both  the  eGFP  and  tdTR  fluorescent  inserts.  eGFP  expression  is  under  the  control  of  a 
viral  synthetic  E/L  promoter  (early  gene)  while  tdTR  is  under  the  vaccinia  virus  promoter  1 1 
(late  gene).  Both  fluorescent  genes  were  targeted  for  insertion  into  the  intergenic  region  between 
RP022  and  UNKMP  (Fig.  4B)  in  the  MPXV -Zaire  79  genome. 

Expression  plasmid  amplification 

The  plasmid  was  amplified  by  transfonnation  of  DH5a  competent  cells  (Invitrogen)  on 
LB-Ampicillin  agar  plates  at  37°C  for  24  hr.  Isolated  colonies  were  selected  for  overnight 
growth  in  LB-Ampicillin  broth  at  37°C  with  shaking  at  225  rpm.  The  bacterial  cells  were 
collected  and  plasmid  DNA  isolated  using  the  Wizard®  Plus  Midipreps  kit  (Promega,  WI) 
according  to  the  manufacturer’s  instructions.  A  restriction  enzyme  digest  with  Xmal  (New 
England  BioLabs,  MA)  was  conducted  at  37°C  overnight  and  65°C  for  20  min.  A  DNA  gel 
(0.7%  agarose)  electrophoresis  run  at  105V  for  45  min  confirmed  proper  plasmid  amplification 
based  on  the  size  of  the  resulting  band  fragments.  The  final  concentration  of  plasmid  DNA  was 
determined  by  optical  density  reading  in  a  ND-1000  Spectrophotometer  (NanoDrop®,  DE). 

Recombination  with  MPXV-Zaire  79 

Parental  MPXV  strain  Zaire  79  was  obtained  from  the  Centers  for  Disease  Control  and 
previously  propagated  in  MA-104  cells.  A  confluent  monolayer  of  VERO-E6  cells  was  prepared 
in  EMEM  (Gibco,  NY)  +  2.5%  heat  inactivated  fetal  bovine  serum  (FBS  -  Gibco)  and 
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FIGURE  4.  INSERTION  OF  FLUORESCENT  GENES  INTO  MPXV-ZAIRE  79. 

Schematic  representation  of  the  expression  plasmid  pcDNA-DEST40  (A)  and  insertion  sites  of 
the  fluorescent  genes  into  the  MPXV-Zaire  79  genome  (B).  The  fluorescent  genes  and  their  viral 
promoters  were  inserted  into  the  intergenic  region  between  the  RP022  and  UNKMP  genes.  The 
insertion  plasmid  and  plasmid  diagram  were  generously  provided  by  Dr.  Grant  McFadden. 
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subsequently  infected  with  parental  MPXV  (M0I=1)  at  37°C  and  5%  CO2.  Following  1  hr  of 
absorption,  the  infection  medium  was  removed  and  the  cells  washed  with  fresh  Opti-MEM 
medium  (Gibco).  Plasmid  DNA  (2pg)  was  transfected  into  the  cells  using  Lipofectamine™  2000 
(Invitrogen)  in  Opti-MEM  medium  according  to  manufacturer’s  instructions.  The  transfection 
medium  was  removed  after  5  hr,  fresh  medium  (EMEM  +  2.5%  FBS)  was  added,  and  the  cells 
were  incubated  at  37°C  and  5%  CO2  for  24  hr.  The  cells  were  harvested  into  1  mL  of  medium 
(EMEM  +  2.5%  FBS)  and  stored  at  -80°C  for  plaque  purification  assays. 

Plaque  purification  assay 

Harvested  cells  were  lysed  by  3  cycles  of  freeze/thaw  and  3  rounds  of  sonication/vortex 
(15  s  each).  Fresh  Vero-E6  cells  were  prepared  in  6-well  plates  and  incubated  with  200  pL  of  the 
cell  lysate  at  37°C  and  5%  CO2.  After  1  hr  of  absorption,  the  infection  medium  was  removed  and 
the  cells  washed  and  layered  with  a  2%  low  melting  point  (LMP  -  Promega)  agarose-medium 
mixture  (equal  volume).  Following  incubation  at  37°C  and  5%  CO2,  the  cells  were  scanned  after 
24  and  48  hr  for  fluorescence,  and  images  collected  using  a  fluorescent  microscope.  Plaques  that 
contained  both  green  and  red  fluorescence  were  collected  with  glass  Pasteur  pipettes  and  stored 
in  200  pL  of  medium  (EMEM  +  2.5%  FBS).  Each  collected  sample  was  lysed  as  described 
above  using  the  same  freeze/thaw  and  sonication/vortex  cycles.  Serial  dilutions  were  made, 
plated  onto  confluent  Vero-E6  cells  and  layered  with  the  LMP  agarose-medium  mixture  for 
another  round  of  plaque  picks.  This  process  was  repeated  4  times  to  ensure  the  generation  of  a 
uniform  virus  population  in  all  dilutions. 

Step-wise  virus  propagation  and  working  stock  generation 

Once  a  uniform  virus  population  was  confirmed  through  fluorescence  microscopy,  a  step¬ 
wise  propagation  of  a  virus  stock  was  conducted.  250  pL  of  the  final  plaque  pick  was  added  to  a 
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single  well  of  confluent  Vero-E6  cells  in  a  12-well  culture  plate.  The  infection  was  absorbed  for 
1  hr,  followed  by  washing  and  the  addition  of  fresh  medium  (EMEM  +  2.5%  FBS).  48  hr  post¬ 
infection,  the  cells  were  harvested,  freeze/thawed  (x3),  and  sonicated/vortexed  (x3),  and  500  pL 
were  added  to  a  single  well  of  confluent  Vero-E6  cells  in  a  6-well  culture  plate.  Infection  and 
imaging  were  performed  as  described  above.  This  process  was  repeated  (with  adjusted  volumes) 
for  T75  and  T150  flasks  of  MA-104  cells;  the  cell  pellet  generated  from  the  T150  infection  was 
resuspended  in  1 1  mL  of  medium,  and  I  ml  was  stored  at  -80°C.  The  remaining  10  mL  was  used 
to  infect  5  confluent  T-150  flasks  of  MA-104  cells  (2  mL/flask).  The  infection  was  absorbed  for 
30  min,  followed  by  the  addition  of  30  mL  of  fresh  medium.  All  5  flasks  were  harvested  into  a 
single  50ml  conical  tube  4  days  post- infection.  The  cells  were  centrifuged  at  400xg  for  7  min,  all 
but  2  mL  of  supernatant  were  removed  which  were  used  to  resuspend  the  cell  pellet.  The  cells 
were  lysed,  brought  to  a  final  volume  of  5.5  mL  with  fresh  medium  (EMEM  +  2.5%  FBS)  and 
aliquots  of  500  pL  were  generated.  One  vial  was  used  for  PCR  analysis,  virus  titer  determination 
(plaque  assay)  and  fluorescence  uniformity  testing  (microscopy). 

Once  the  virus  seed  stock  was  titered  and  detennined  to  be  a  pure  population  through 
PCR  and  sequencing  analysis  (as  described  below),  large  scale  propagation  was  conducted  to 
generate  a  working  stock.  Twenty  confluent  T-150  flasks  of  MA-104  cells  were  infected  with 
lxlO7  plaque  forming  units  (pfu)/flask.  The  cells  were  harvested  4  days  post-infection  and 
combined  into  2  conical  tubes.  The  cell  pellets  were  resuspended  in  2  mL  of  medium  (EMEM  + 
2.5%  FBS)  and  lysed.  The  lysates  were  combined  and  brought  to  a  final  volume  of  20  mL  with 
medium.  Aliquots  of  500  pL  were  made  and  a  small  portion  was  set  aside  for  virus  titer 
determination  and  fluorescence  uniformity  testing. 

Fluorescence  microscopy 
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Fluorescent  images  were  taken  using  a  Nikon  Eclipse  te2000-s  (Nikon  Instruments  INC., 
NY)  equipped  with  a  SPOT™  RT  Monochrome  camera  (SPOT  Imaging  Solutions,  MI)  and 
processed  with  SPOT™  Advanced  version  4.0.9  (SPOT  Imaging  Solutions).  All  images  were 
collected  using  a  4x  objective  and  laser  exposure  times  were  conserved  across  samples  for  each 
time  point.  eGFP  images  were  collected  using  a  GFP/FITC  filter  cube  which  contained  band¬ 
pass  (BP)  excitation  filter  490/20  and  BP  emission  filter  525/36.  tdTR  images  were  collected 
using  a  RFP  filter  cube  which  contained  BP  excitation  filter  555/25  and  BP  emission  filter 
605/52.  The  raw  image  files  were  processed  and  overlaid  using  Photoshop  CS2  software  (Adobe, 
CA). 

Plaque  assay 

All  samples  (virus  stocks,  inocula,  experimental  samples)  were  titered  using  the 
following  assay.  Each  sample  was  serially  diluted  to  extend  between  the  ranges  of  10"1  and  10~12. 
Fully  confluent  VERO-E6  cell  monolayers  were  prepared  in  6-well  plates  with  subcomplete 
medium  (EMEM  +1%  Glutamine  +  2%  Heat  Inactivated  FBS).  The  medium  was  removed  from 
the  cell  culture  wells  and  500  pL  of  each  dilution  was  added  in  duplicate  per  well.  The  plates 
were  incubated  at  37°C  and  5%  CCF  with  gentle  rocking  every  15  min.  The  infection  medium 
was  removed  after  1  hr;  the  cell  layers  were  washed,  and  replaced  with  fresh  subcomplete 
medium.  The  medium  was  removed  4  days  post-infection,  and  500  pL  of  a  previously  prepared 
crystal  violet  solution  (1.3g  Crystal  Violet  -  Sigma-Aldrich,  MO,  50  mL  200  proof  Ethanol  - 
Sigma-Aldrich,  650  mL  deionized  water,  300  mL  10%  Neutral  Buffered  Formalin  -  Sigma- 
Aldrich)  was  added  to  each  well.  Following  20  min  of  staining,  the  crystal  violet  was  removed 
and  the  plates  rinsed  with  water.  Once  dry,  the  plaques  were  enumerated,  the  counts  adjusted 
based  on  dilution  factors  and  final  titers  were  calculated. 
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PCR 


Inactivation  of  samples  and  extraction  of  viral  DNA  were  conducted  using  components 
from  a  QIAmp  DNA  Blood  Mini  Kit  (Qiagen,  CA).  Samples  were  combined  with  a  reagent 
mixture  (PBS  +  Buffer  AL  +  Protease  Solution)  at  a  1:3  ratio  and  incubated  for  1  hr  at  56°C. 

DNA  extraction  was  conducted  for  each  inactivated  sample  through  the  addition  of  200 
pL  of  100%  ethanol;  samples  were  vortexed  for  15  s  and  centrifuged  at  8,000  rpm  for  15  s.  The 
mixture  was  added  to  a  QIAmp  spin  column,  centrifuged  at  8,000  rpm  for  60  s,  and  washed  with 
Buffer  AW1  and  Buffer  AW2  (Qiagen).  The  spin  columns  were  placed  into  sterile  collection 
tubes  and  100  pL  of  elution  buffer  was  added.  The  samples  were  kept  at  room  temperature  for  5 
min  and  centrifuged  at  8,000  rpm  for  60  s.  Samples  were  stored  at  -20°C  until  ready  for  use. 

Quantitative  real  time  polymerase  chain  reaction  (RT-PCR)  assays  were  conducted  on 
extracted  DNA  samples  based  on  the  techniques  previously  established  by  (37)  for  viral  genome 
quantification.  The  //r///-orthopox  virus  detection  probes  targeted  the  hemagglutinin  (HA)  gene 
J7R  using  the  TaqMan-MGB  (Invitrogen)  assay  and  was  used  to  detennine  viral  genome  levels 
in  the  nonhuman  primate  study.  To  confirm  a  pure  seed  and  working  stock  MPXV-GFP-tdTR 
population,  a  pan-o rthopox,  specific  monkeypox  (targeted  F3L),  cowpox  (N3R),  and  vaccinia 
virus  (A25L)  probes  were  utilized.  Previously  prepared  MGB  master  mix  was  combined  with 
Platinum  Taq  Polymerase  (Invitrogen).  15  pL  of  the  mixture  was  combined  with  5  pL  of 
extracted  DNA,  run  on  a  LightCycler  2.0  (Roche,  IN)  and  analyzed  using  LightCycler  Software 
Ver.  4.0  (Roche). 

Sequencing 
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Primers  were  designed  for  PCR  amplification  of  the  insertion  site  following  seed  stock 
generation.  2  primer  sets  were  used:  PI  forward  5’-CCG  CAA  TAA  CAT  GGT  AAC  TGG  AGT 
AG-3’,  PI  reverse  3’-GTG  TTG  TAG  CTC  CTG  CCG  TCG-5’  and  P2  forward  5’-GCA  TGG 
ACG  AGC  TGT  ACA  AGT  AAC  AA-3’,  P2  reverse  3’-TTT  CTC  CGA  CCA  TTG  TTG  CGT 
AGC  (Invitrogen).  Following  amplification,  the  gene  products  were  sequenced  using  a  GS  FLX+ 
454  system  (Roche).  Sequences  were  compared  using  SeqMan  II  software  (DNASTAR,  WI). 

Growth  curves 

Growth  curve  experiments  were  conducted  to  compare  the  growth  kinetics  of  the  MPXV- 
GFP-tdTR  to  MPXV-Zaire  79  and  MPXV-GFP.  Fully  confluent  Vero-E6  cells  in  6-well  plates 
were  infected  (in  triplicate)  at  MOI=5  with  each  virus  type.  The  infection  medium  was  absorbed 
at  37°C  and  5%  CO2.  For  the  collection  of  time  point  To,  the  infection  medium  was  immediately 
removed,  fresh  medium  (EMEM  +  2.5%  FBS)  was  added  and  the  cells  harvested  through  gentle 
scraping.  For  all  other  time  points  (T4,  T12,  T24  and  T48),  the  infection  medium  was  removed  after 
1  hr,  the  cells  were  washed,  and  fresh  medium  (EMEM  +  2.5%  FBS)  was  added.  The  collection 
of  all  time  points  included  the  centrifugation  of  the  harvested  cells,  the  removal  of  all  but  200  pL 
of  the  supernatant  and  the  storage  of  the  cell  pellet  at  -80°C.  Once  all  time  points  were  collected, 
the  cells  were  lysed  (as  previously  discussed)  and  prepared  for  plaque  assay  analysis. 

Time  course  expression  of  eGFP  vs.  tdTR 

A  time  course  experiment  was  conducted  to  assess  the  expression  patterns  for  both  green 
and  red  fluorescence  signals.  Vero-E6  cells  were  prepared  in  15  mL  polypropelene  tubes  and 
infected  at  MOI=10  in  suspension  with  mock,  MPXV-GFP,  and  MPXV-GFP-tdTR.  The  cells 
were  kept  at  constant  low  level  shaking  and  incubated  at  37°C  with  5%  CO2.  150,000  -  200,000 
cells  (250  pL)  were  collected  from  each  tube  at  various  time  points  (T0,  T2,  T3,  T6,  T9,  T12,  T24 
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and  T4s).  The  samples  were  washed  with  Pharmingen  Stain  Buffer  (BSA  -  BD,  CA),  and 
centrifuged  at  800  rpm  for  5  min.  The  supernatant  was  removed,  the  cells  fixed  with  1 00  pi  of  4% 
paraformaldehyde  (BDCytofix™  -  BD),  and  held  at  4°C.  Once  all  the  time  points  were  collected 
(from  the  same  vial),  the  cells  were  washed  with  500  pL  of  stain  buffer,  and  centrifuged  at  800 
rpm  for  5  min  (x2).  The  cells  were  resuspended  in  a  final  volume  of  500  pL  of  stain  buffer  and 
run  on  a  C6  flow  cytometer  (Accuri®,  NJ).  Results  were  analyzed  using  CFlow*  software 
(Accuri). 

Ara-C  treatment 

Cytosine  P-D-arabinofuranoside  (Ara-C,  Sigma-Aldrich)  is  a  compound  that  inhibits 
DNA  replication.  A  dilution  of  the  stock  sample  was  made  to  equal  50pg/mL  in  subcomplete 
medium  (EMEM  +  1%  Glutamine  +  2%  Heat  Inactivated  FBS).  Fully  confluent  Vero-E6  cells  in 
6-well  plates  were  incubated  at  37°C  and  5%  CCF  with  1  mL  of  Ara-C  only,  medium  only,  virus 
only  (MOI=5),  or  Ara-C  +  virus  (MOI=5).  The  incubation/infection  medium  was  removed  after 
1  hr  and  fresh  subcomplete  medium  (with  and  without  Ara-C)  was  added.  Fluorescent  images 
were  collected  24  and  48  hr  post-infection. 

Interferon-Peta  Treatment  of  Monkeypox  Virus  Infections 

The  methods  described  in  this  section  were  previously  published  in  “ In  vitro  inhibition  of 
monkeypox  virus  production  and  spread  by  Interferon-P”  Virology  Journal  2012  (34).  The 
inclusion  of  the  methods  have  been  cleared  for  use  in  this  thesis  with  approval  from  Dr.  Sara 
Johnston  (primary  author)  and  BioMed  Central  Ltd  (publishing  company). (Clearance  LeUcrs| 

My  scientific  contributions  towards  the  manuscript  included  the  generation/characterization 
of  MPXV-GFP-tdTR  (as  described  above),  scientific  study  design  for  use  of  the  virus  (personal 
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communications  with  Dr.  Johnston),  technical  support  for  the  subsequent  experiments  involving 
MPXV-GFP-tdTR  (set  up  of  infections,  collection  of  time  points,  execution  of  plaque  assays), 
and  the  collection  of  fluorescence  data  (microscopy  images,  fluorescence  analysis).  I  also  wrote 
portions  of  the  methods  and  results  sections  of  the  manuscript  pertaining  to  the  generation  and 
characterization  of  MPXV-GFP-tdTR,  generated  figures  for  the  MPXV-GFP-tdTR 
characterization  experiments,  and  assisted  with  data  analysis/interpretation  for  the  generation  of 
additional  figures  using  MPXV-GFP-tdTR. 

Interferon-fteta  treatment 

IFN-P  (PBL  InterferonSource,  NJ)  was  titrated  in  HeLa  (ATCC,  VA)  with  pre-treatment  24 
hr  prior  to  infection  with  MPXV.  The  cells  were  infected  at  MOI=5  in  the  presence  or  absence  of 
IFN-P  for  1  hr.  The  infection  medium  was  removed,  the  cells  were  washed  and  replaced  with 
fresh  medium  (EMEM  +  2.5%  FBS)  with  or  without  IFN-p.  The  cells  were  harvested  and  viral 
titers  calculated  by  plaque  assay  (as  previously  described). 

Growth  curve  experiments  were  used  to  evaluate  growth  kinetics  during  treatment  with  2000 
U/mL  of  IFN-p.  Confluent  HeLa  cells  were  treated  or  untreated  with  IFN-P  (24  hr)  and  infected 
at  MOI=5  or  0.01.  The  infection  medium  was  removed  after  1  hr,  cells  washed,  and  fresh 
medium  (+/-  IFN-P)  was  added.  Fresh  IFN-P  was  added  to  each  well  every  24  hr.  The  cells  and 
supernatant  were  harvested  separately  at  specific  time  points:  MOI=5  (0,  24,  48,  72,  and  96)  hr 
post-infection  and  MOI=0.01  (0,  4,  12,  24,  and  48)  hr  post-infection.  The  collection  of  To  was 
conducted  slightly  different  in  that  the  infection  was  immediately  removed,  cells  washed  and 
harvested.  The  titers  were  determined  through  plaque  assay. 

Fluorescence  microscopy 
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HeLa  cells  were  prepared  and  treated  with  or  without  2000  U/mL  of  IFN-(3  for  24  hr. 
VA-9  and  VN36  cells  (Dr.  Otto  Haller,  University  of  Freiburg,  Gennany)  were  left  untreated.  All 
cell  populations  were  infected  at  MOI=5  with  MPXV-GFP-tdTR  and  visualized  through  the  use 
of  a  fluorescence  microscope  (as  previously  described)  24  hr  post-infection.  Relative 
fluorescence  was  determined  through  the  use  of  a  SpectraMax  Gemini  EM  Fluorescence 
Microplate  Reader  (Molecular  Devices,  CA). 

Intratracheal  (IT)  Infection  of  Nonhuman  Primates 

The  following  section  details  the  methods  and  study  design  for  the  infection  of  three 
nonhuman  primates  with  MPXV-GFP-tdTR  using  an  intratracheal  exposure  route.  I  wrote  the 
animal  use  protocol,  designed/scheduled  the  experiments,  collected  all  the  data  (physical 
observations  and  laboratory  assays),  and  generated  all  of  the  figures.  The  techniques  and  basic 
study  design  were  based  on  the  experience  I  gained  through  my  scientific  contributions  on  the 
publication  “A  novel  respiratory  model  of  infection  with  monkeypox  virus  in  cynomolgus 
macaques”  Journal  of  Virology,  2011  (24). 

Plaque  reduction  neutralization  test  (PRNT) 

To  ensure  all  animals  were  seronegative  for  monkeypox  virus,  blood  was  collected  in 
serum  separator  vacutainer  (BD)  tubes  7  days  prior  to  infection,  centrifuged  at  2,200  rpm  for  10 
min,  and  serum  collected  into  a  fresh  tube.  Each  sample  was  held  at  56°C  for  30-45  min  to 
inactivate  any  complement  proteins.  Serial  dilutions  were  made  in  fresh  subcomplete  medium 
(EMEM  +  1%  Glutamine  +  2%  Heat  Inactivated  FBS).  MPXV-Zaire  79  prepared  as  described 
above  was  diluted  to  50pfu/well.  The  virus  preparation  was  added  to  each  sample  and  was 
incubated  at  37°C  and  5%  CO2  for  15  min.  100  pL  of  each  mixture  was  added  to  fully  confluent 
Vero-E6  cells  in  6-well  plates  in  duplicate,  incubated  at  37°C  and  5%  CO2  for  1  hr,  and  brought 
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to  a  final  volume  of  2  mL  with  fresh  subcomplete  medium.  The  plates  were  kept  at  37°C  and  5% 
CO2  for  4  days,  followed  by  staining  with  crystal  violet  for  plaque  count  assessment  (as 
previously  described). 

Virus  inoculum  preparation  and  infection 

Working  stock  vials  of  MPXV-GFP-tdTR  were  removed  from  -80°C  storage  and  thawed 
at  37°C.  The  virus  was  sonicated/vortexed  for  three  rounds,  diluted  in  sterile  PBS  to  create  a 
concentration  of  8xl07  pfu/mL,  and  kept  on  ice  until  the  animals  were  ready  for  infection.  A 
microsprayer  with  attached  high  pressure  syringe  (Penn-Century  Inc.,  PA)  was  fitted  into  the 
working  channel  of  a  bronchoscope  (PENT AX,  NJ).  Animals  were  anesthetized  according  to 
weight  with  telazol  (Fort  Dodge,  IA)  administered  intramuscularly,  and  infected  with  100  pL  of 
inoculum  deposited  directly  above  the  bifurcation  of  the  trachea.  Samples  of  the  stock  virus, 
inoculum,  and  an  aliquot  of  the  infection  spray  were  retained  for  back  titer  analysis  by  plaque 
assay. 

Animal  husbandly  and  observations 

Three  male  cynomolgus  macaques  ( Macaca  fascicularis)  seronegative  for  monkeypox 
virus  weighing  6.9,  7.0  and  7.9  kg  were  transferred  from  an  onsite  primate  colony  facility  into  a 
BSL-3+  laboratory  suite  and  animal  room  located  within  USAMRIID  one  week  prior  to  infection 
to  allow  proper  acclimation.  Animals  were  given  access  to  water  ad  libitum  and  were  fed  10 
biscuits  per  day  (2050  Primate  Diet  -  Harlan  Laboratories,  MD)  (changed  daily)  to  monitor  food 
consumption  in  regards  to  disease  progression.  Research  was  conducted  under  an  IACUC 
approved  protocol  in  compliance  with  the  Animal  Welfare  Act,  PHS  Policy,  and  other  Federal 
statutes  and  regulations  relating  to  animals  and  experiments  involving  animals.  The  facility 
where  this  research  was  conducted  is  accredited  by  the  Association  for  Assessment  and 
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Accreditation  of  Laboratory  Animal  Care,  International  and  adheres  to  principles  stated  in  the 
Guide  for  the  Care  and  Use  of  Laboratory  Animals,  National  Research  Council,  2011. 

Animals  were  observed  twice  daily  for  22  days  post-infection.  Observations  every  2  days 
following  anesthesia  (as  described  above)  included  changes  in  weight,  rectal  temperature, 
nutritional  consumption,  behavior,  and  physical  appearance.  Dyspnea  scoring  and  cough 
frequency  were  monitored  as  a  measure  of  lung  involvement.  Lymphadenopathy  was  detected 
through  physical  manipulation  of  the  inguinal  and  axillary  lymph  nodes.  Scoring  was  conducted 
by  assigning  a  numerical  value,  0-3  according  to  severity.  Lymphadenopathy  was  scored  based 
on  the  diameter  (in  mm)  of  the  lymph  node:  0=  <3;  1=  3-9;  2=>10-19;  3=  >20.  Dyspnea  was 
scored  based  on  changes  in  observed  breathing  patterns:  0=nonnal  breathing;  1=  mildly  labored; 
2=  labored;  3=marked  labored  breathing.  Lesion  development  was  tracked  throughout  the  course 
of  disease  and  enumerated  according  to  body  location.  Physical  manipulations  were  conducted 
under  anesthesia  every  other  day. 

Sample  collection 

Blood  (4  mL)  was  collected  from  the  femoral  artery  of  each  animal  following  anesthesia 
in  EDTA  vacutainer  (BD)  tubes  every  2  days  following  infection  for  virus  genome  quantification 
and  clinical  chemistry  analysis.  An  AcT  10  (Beckman  Coulter,  CA)  analyzer  was  used  to 
measure  white  blood  cell,  red  blood  cell  and  platelet  levels  from  EDTA  whole  blood.  Virus 
genome  levels  were  detennined  using  RT-PCR  on  samples  extracted  and  inactivated  from  whole 
blood  (as  described  above). 

Full  necropsies  were  conducted  and  tissues  collected  following  humane  euthanasia  with 
Fatal  Plus  Solution  (Vortech  Pharmaceuticals,  MI)  and  exsanguination  at  the  completion  of  the 
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animal  study.  Necropsies  (I  assisted  with  sample  collection)  and  immunohistochemistry  (IHC) 
staining  were  conducted  by  a  board  certified  Veterinary  Pathologist.  Tissues  were  embedded  in 
paraffin  and  analyzed  by  IHC.  Following  deparaffinization  and  peroxidase  blocking,  samples 
were  stained  with  a  rabbit  polyclonal  anti-pox  specific  antibody  at  room  temperature  for  1  hr. 
The  samples  were  rinsed  and  incubated  with  a  secondary  antibody  (a  peroxidase-labeled 
polymer)  for  30  min  at  room  temperature.  The  sample  slides  were  rinsed,  a  substrate-chomogen 
solution  was  added  for  5  min,  followed  by  a  second  rinse  and  staining  with  hematoxylin. 
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Results 


A  portion  of  the  results  presented  in  this  section  was  previously  published  (34). 
Presentation  of  the  results  have  been  cleared  for  use  in  this  thesis  with  approval  from  Dr.  Sara 
Johnston  (primary  author)  and  BioMed  Central  Ltd  (publishing  company).  A  percent  breakdown 
of  my  contribution  towards  the  experimental  conceptualization,  data  analysis,  and  figure 
generation  for  each  previously  published  figure  is  presented  in  the  figure  legend.  I  designed  the 
experiments,  collected  the  results,  and  generated  all  the  figures  for  the  sections  detailing  the 
characterization  of  the  double  recombinant  virus  and  the  IT  infection  of  nonhuman  primates. 

Characterization  of  MPXV-GFP-tdTR 

Fluorescence  microscopy  confirmed  the  proper  insertion  of  eGFP  and  tdTR  into  the 
MPXV-Zaire  79  genome  to  create  MPXV-GFP-tdTR.  An  example  of  even  color  distribution  was 
seen  in  a  plaque  48  hr  post-infection  (Fig.  5).  eGFP  expression  (Fig.  5A)  and  tdTR  expression 
(Fig.  5B)  were  quantified  individually,  and  an  overlay  of  both  images  (Fig.  5C)  was  created. 
There  was  a  zone  of  clearance,  which  was  indicative  of  normal  plaque  formation,  and  there  was 
uniform  color  distribution  within  each  infected  cell.  This  type  of  fluorescence  distribution 
represents  the  standard  used  for  all  virus  uniformity  assessments. 

Proper  color  uniformity  was  assessed  at  every  step  of  the  virus  propagation  and  working 
stock  generation  experiments.  Viral  genome  titers  (genomes/mL)  were  determined  based  on  the 
amplification  of  the  specific  sequences  per  detection  probe.  The  RT-PCR  results  acquired  from 
using  the  MPXV  specific  probe  (F3L)  and  the  /«//?-orthopoxvirus  probe  (J7R)  demonstrated 
equal  levels  of  viral  genome  detection,  which  validated  the  use  of  the  pan-o rthopox  specific 
probe  for  the  detection  of  MPXV-GFP-tdTR  by  PCR  in  the  IT  NHP  study.  The  use  of  cowpox 
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virus  and  vaccinia  virus  specific  probes  showed  no  contamination  of  either  virus  in  the  final 
virus  stocks.  Sequencing  of  MPXV-GFP-tdTR  demonstrated  proper  insertion  of  the  fluorescent 
genes  between  RP022  and  UNKMP. 

The  results  of  a  one-step  (high  MOI)  growth  curve  illustrate  the  similarities  in  growth 
kinetics  of  MPXV-Zaire  79,  MPXV-GFP  and  MPXV-GFP-tdTR  (Fig.  5D),  each  reaching  108 
pfu/mL  by  24  hr  post-infection.  The  sustained  viral  titers  in  vitro  demonstrate  a  lack  of 
attenuation  due  to  the  incorporation  of  the  fluorescent  gene  inserts. 

A  time  course  experiment  was  used  to  further  characterize  the  timing  and  frequency  of 
late  gene  expression  in  vitro.  The  fluorescence  profile  of  MPXV-GFP  was  compared  to  the 
double  recombinant  MPXV-GFP-tdTR.  Both  viruses  contained  the  same  early  gene  promoter  for 
expression  of  eGFP.  The  analysis  entailed  the  flow  cytometric  collection  of  10,000  single  cell 
population  events  gated  on  forward  and  side  scatter  properties  for  each  time  point.  eGFP 
expression  was  compared  to  tdTR  (late  protein)  expression  by  directly  comparing  the  number  of 
cells  positive  for  each  fluorescence  signal  (Fig.  6).  Gates  were  generated  based  on  negative 
fluorescence  as  seen  in  the  mock  infected  control  group.  Samples  were  compensated  to  ensure 
eGFP  signal  would  not  carry  over  into  the  tdTR  channel. 

eGFP  expression  from  MPXV-GFP  infected  cells  (Fig.  6A)  was  seen  as  early  as  2  hr 
post-infection  (found  in  5.5%  of  cells),  and  the  number  of  eGFP  positive  cells  increased  quickly 
through  the  time  points,  reaching  near  maximum  levels  by  24  hr  (93.3%  of  cells).  eGFP  signal 
from  MPXV-GFP-tdTR  infected  cells  was  also  detected  at  2  hr  post-infection  (Fig.  6B)  at  similar 
levels  (3.7%  of  cells).  The  number  of  cells  expressing  eGFP  increased  steadily,  though  at  a 
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WT  MOI  5 
GFP  MOI  5 
GFP-tdTR  MOI  5 


FIGURE  5.  FLUORESCENT  MICROSCOPY  OF  MPXV-GFP-TDTR  AND  GROWTH 
CURVE  ANALYSIS. 

Fluorescent  images  of  a  plaque  48  h.p.i.  in  Vero-E6  cells  (A)  eGFP  expression,  (B)  tdTR 
expression,  (C)  overlay  of  both  images.  (D)  Growth  curve  results  (in  triplicate)  comparing 
MPXV-Zaire  79  (WT),  MPXV-GFP  and  MPXV-GFP-tdTR  in  Vero-E6  cells  infected  at  MOI=5. 
Results  demonstrated  no  attenuation  in  either  recombinant  virus.  I  conducted  100%  of  the 
experimental  conceptualization/data  collection/figure  generation.  Portions  of  the  figure  appear  in 
the  published  manuscript  (34  -  Fig.  1  A). 
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FIGURE  6.  EXPRESSION  PROFILE  CHARACTERIZATION. 

Flow  cytometry  results  comparing  eGFP  expression  and  tdTR  expression  in  Vero-E6  cells 
infected  at  MOI=10  with  (A)  MPXV-GFP,  (B)  MPXV -GFP-tdTR,  or  (C)  Mock.  X-axis 
represents  the  number  of  cells  with  tdTR  fluorescence,  the  Y-axis  represents  the  number  of  cells 
with  eGFP  fluorescence.  Each  plot  represents  10,000  single  cell  events  and  demonstrates  a 
quantifiable  difference  in  the  expression  profile  between  the  two  viruses.  I  conducted  100%  of 
the  experimental  conceptualization/data  collection/figure  generation. 
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slightly  slower  rate,  and  tdTR  expression  began  between  9  and  12  hr  post- infection  as  depicted 
by  the  cells  that  were  double-positive  (upper  right  quadrant).  By  24  hr,  82.5%  of  the  total  cells 
contained  eGFP  signal,  while  59.3%  of  the  total  cells  were  positive  for  both  eGFP  and  tdTR.  By 
48  hr  post-infection,  the  combined  total  fluorescence  of  the  MPXV-GFP-tdTR  infection  (95.4% 
of  total  cells)  matched  the  number  of  fluorescent  cells  in  the  MPXV-GFP  infection  (96.2%  of 
total  cells);  an  indication  that  even  though  the  expression  of  eGFP  was  slightly  reduced  early  in 
infection,  the  double  recombinant  virus  was  still  able  to  reach  maximum  levels  of  fluorescence 
saturation  by  48  hr  post-infection.  The  results  demonstrated  a  clear  expression  profile  of  a 
productive  infection,  where  81.5%  of  the  total  cells  were  double-positive  for  eGFP  and  tdTR. 

Ara-C  has  been  extensively  used  to  prevent  the  expression  of  late  gene  proteins  and 
inhibit  viral  replication  (8,  63).  Here  Ara-C  was  used  to  further  confirm  the  correlation  of  tdTR 
fluorescence  with  late  gene  expression.  The  use  of  50  jig  of  Ara-C  per  mL  produced  a  complete 
inhibition  of  late  gene  expression  as  evidenced  by  the  lack  of  any  tdTR  expression  (Fig.  7). 
Multiple  images  were  collected  at  24  and  48  hr  post-infection  per  field  including  bright  field, 
eGFP  signal,  and  tdTR  signal.  The  contrast  in  the  level  of  late  gene  signal  was  seen  when  treated 
samples  (Fig.  7A  and  7C)  were  compared  to  virus  only  controls  (Fig.  7B  and  7D).  A  lack  of 
cellular  toxicity  was  demonstrated  at  these  time  points  with  the  inclusion  of  bright  field  images 
(Fig.  7E  and  7F)  of  cells  treated  with  Ara-C  alone.  Since  it  was  shown  that  eGFP  expression 
occurred  very  early  in  the  infection  process,  its  expression  profile  was  not  dependent  upon  virus 
replication.  This  was  further  demonstrated  in  Figure  7B  and  7D  where  eGFP  positive  cells  were 
still  present  at  24  and  48  hr  post-infection  in  the  presence  of  Ara-C. 
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Fluorescent  microscopy  images  of  Vero-E6  cells  infected  at  MOI=5  demonstrated  a  link  between 
tdTR  color  and  late  gene  expression.  (A)  Virus  only  24  h.p.i,  (B)  Ara-C  +  Virus  24  h.p.i.,  (C) 
Virus  only  48  h.p.i.,  (D)  Ara-C  +  Virus  48  h.p.i.  Bright  field  images  of  Ara-C  only  (E)  24  h.p.i. 
and  (F)  48  h.p.i.  I  conducted  100%  of  the  experimental  conceptualization/data  collection/figure 
generation.  Portions  of  the  figure  appear  in  the  published  manuscript  (34  -  Fig.  IB). 
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IFN-P  Treatment  of  MPXV-GFP-tdTR  Infections 

IFN-P  treatment  titration  was  conducted  using  HeLa  cells  and  MPXV-Zaire  79.  2000 
U/mL  was  determined  to  be  the  optimum,  nontoxic  concentration  to  use  as  demonstrated  by  the 
91%  reduction  in  viable  virus  24  hr  post-infection  (manuscript  Fig.  1  A).  HeLa  cells  pretreated 
with  2000  U/mL  of  IFN-P  for  24  hr  were  infected  with  MPXV  at  either  a  low  (0.01)  or  high  (5) 
MOI,  and  virus  titers  in  the  cells  were  detennined  by  plaque  assay.  The  results  of  the  virus  titers 
for  each  time  point  of  the  growth  curves  (Fig.  8)  illustrate  the  reduction  in  the  amount  of  viable 
virus  isolated  at  specific  time  points.  In  the  low  MOI  growth  curve  (Fig.  8A),  there  was  a  marked 
decrease  in  the  amount  of  cell  associated  virus  between  48  and  72  hr  post-infection.  Viral  levels 
in  treated  samples  reached  the  same  level  as  untreated  controls  by  120  hr  post- infection; 
however,  a  clear  attenuation  of  cell  to  cell  spread  was  evident  in  the  presence  of  IFN-p.  In  the 
high  MOI  growth  curve  (Fig.  8B),  there  was  a  half-log  difference  in  viral  titers  within  the  first  12 
hr.  By  24  hr,  this  difference  had  increased  to  a  full  log,  demonstrating  an  inhibition  of  virus 
production. 

Fluorescent  microscopy  images  of  HeLa  cells  untreated  or  pretreated  with  IFN-P  and 
infected  with  MPXV-GFP-tdTR  collected  24  hr  post-infection  (Fig.  9)  demonstrate  a  difference 
in  expression  profiles.  Normal  viral  gene  expression  patterns  in  untreated  cells  (top  row  Fig.  9A) 
compared  to  reduced  expression  patterns  of  both  GFP  and  tdTR  signals  (bottom  row  Fig.  9A) 
demonstrate  the  effect  of  IFN-P  treatment.  There  was  an  equal  reduction  of  relative  fluorescence 
(as  measured  by  a  fluorescence  microplate  reader)  for  both  colors  (Fig.  9B),  indicating  that  viral 
inhibition  was  occurring  at  a  step  prior  to  early  gene  expression. 
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FIGURE  8.  IFN-B  TREATMENT  OF  HELA  CELLS  INFECTED  WITH  MPXV-ZAIRE 
79. 

Growth  curves  of  HeLa  cells  treated  (4)  or  untreated  (I)  with  IFN-p.  The  graphs  represent  viral 
titers  determined  through  plaque  assay  from  cells  infected  at  MOI=0.01  (A)  or  MOI=5  (B)  with 
MPXV-Zaire  79.  (A)  Growth  curves  that  demonstrate  a  reduction  in  cell  to  cell  viral  spread  as  a 
result  of  IFN-p  treatment.  (B)  Growth  patterns  that  illustrate  a  reduction  in  viable  virus 
production  as  a  result  of  IFN-P  treatment.  I  conducted  25%  of  the  experimental  conceptualization 
and  25%  of  the  data  collection.  This  figure  was  compiled  by  obtaining  graphs  (generated  by  Dr. 
Johnston)  that  appear  in  the  published  manuscript  (34  -  Fig.  IB  &  4A). 
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FIGURE  9.  IFN-B  TREATMENT  OF  MPXV-GFP-TDTR  INFECTION. 


(A)  Fluorescent  microscopy  images  taken  24  h.p.i.  of  treated  (2000  U/mL)  or  untreated  (0  U/mL) 
HeLa  cells  infected  at  MOI=5  with  MPXV-GFP-tdTR.  (B)  Relative  fluorescence  of  each 
expression  color  detennined  using  a  fluorescence  microplate  reader.  Treatment  resulted  in 
reduced  expression  of  both  fluorescent  genes.  I  conducted  50%  of  the  experimental 
conceptualization  and  50%  of  the  data  collection.  This  figure  was  generated  by  Dr.  Johnston  and 
appears  in  the  published  manuscript  (34  -  Fig.  3). 
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In  this  paper,  it  was  shown  that  MxA  expression  was  induced  by  IFN-(3  and  co-localized 
with  the  viral  protein  A3  3  at  the  site  of  membrane  wrapping  during  morphogenesis  in  the 
presence  of  MPXV  infection  (34).  To  determine  what  effect  MxA  had  on  MPXV  infection, 

VN36  (control  cell  line)  and  VA-9  (constitutively  express  MxA)  cells  (as  previously  described  in 
(20))  were  infected  with  either  MPXV -Zaire  79  or  MPXV-GFP-tdTR  at  MOI=5;  and  viral 
reduction  was  assessed  24  hr  post-infection  (Fig.  10).  A  comparison  of  viral  titers  through  plaque 
assay  indicated  a  roughly  91%  reduction  in  the  amount  of  cell  associated  viable  virus  in  VA-9 
cells  compared  to  VN36  cells  (Fig.  10A).  Fluorescence  microscopy  using  MPXV-GFP-tdTR 
revealed  an  equal  reduction  in  both  GFP  and  tdTR  expression  24  hr  post-infection  in  VA-9  cells 
as  compared  to  VN36  cells.  The  results,  shown  here  as  fluorescent  microscopy  images  (Fig. 

10B)  and  relative  fluorescence  measurements  (Fig.  10C),  indicated  that  MxA  inhibitory  effects 
occurred  prior  to  early  gene  expression. 
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FIGURE  10.  INFECTION  OF  VN36  AND  VA-9  CELLS  WITH  MPXV-ZAIRE  79  OR 
MPXV-GFP-TDTR. 

(A)  Comparison  of  viral  titers  (pfu/mL)  in  VA-9  and  VN36  cells  24  h.p.i.  Cells  were  infected 
with  MPXV-Zaire  79  at  MOI=5.  The  difference  represents  a  91%  reduction  in  the  production  of 
infectious  virus  in  the  presence  of  MxA  (constitutively  expressed  by  VA-9  cells).  (B) 
Fluorescent  microscopy  images  of  MPXV-GFP-tdTR  infected  cells  (MOI=5)  comparing  levels 
of  early  and  late  gene  expression  (eGFP  and  tdTR)  24  h.p.i.  (C)  Relative  fluorescence  of  each 
expression  color  determined  using  a  fluorescence  microplate  reader.  Treatment  resulted  in 
reduced  expression  of  both  fluorescent  genes.  I  conducted  50%  of  the  experimental 
conceptualization  and  50%  of  the  data  collection.  This  figure  was  generated  by  Dr.  Johnston  and 
portions  appear  in  the  published  manuscript  (34  -  Fig.  7B). 
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Intratracheal  Infection  of  Nonhuman  Primates  with  MPXV-GFP-tdTR 


A  study  was  conducted  using  MPXV-GFP-tdTR  in  conjunction  with  the  IT  infection 
model  to  evaluate  its  virulence  and  assess  its  ability  to  mimic  human  disease.  Three  animals  were 
challenged  with  2.75xl07  pfu  of  virus  using  the  same  techniques  described  in  the  IT  manuscript 
(24).  All  three  animals  survived  challenge,  though  each  exhibited  clinical  manifestations  of 
monkeypox  disease  similar  to  surviving  animals  in  the  original  IT  model  development  study 
(24).  All  animals  developed  classical  lesions  (Fig.  1 1)  as  seen  in  previous  NHP  models  of 
MPXV  infection.  Images  were  collected  on  day  14  post- infection  of  animal  #1  (which 
experienced  the  highest  disease  severity).  Two  types  of  monkeypox  lesions  (Fig.  1 1A)  were  seen 
on  the  head  of  the  animal:  a  scabbed  lesion  with  classical  crust-like  features  (the  white  arrow), 
and  a  desquamating  lesion  that  has  begun  to  resolve  (the  black  arrow).  Ulcerative  lesions  were 
observed  on  the  tongue  (Fig.  1  IB)  and  other  aspects  of  the  oral  mucosa.  Pustular  lesions  were 
seen  on  the  palms  of  the  hands  (Fig.  1 1C)  and  the  soles  of  the  feet.  Prominent  axillary 
lymphadenopathy  (Fig.  1  ID)  and  inguinal  lymphadenopathy  were  observed  in  all  three  animals. 

Peripheral  viral  blood  titers,  as  detennined  by  PCR  analysis  ranged  from  I  05  -  106 
genomes/mL  at  the  height  of  disease  severity,  D8  -  DIO  post-infection  (Fig.  12A).  The  number 
of  lesions  observed  ranged  from  100  -  325  (Fig.  12B).  There  was  a  direct  correlation  between 
the  number  of  lesions  enumerated  and  the  level  of  viral  genomes  in  the  blood.  Animal  1  had  the 
highest  viral  titers,  lesion  count,  and  more  severe  disease  as  determined  through  clinical 
observations  and  scoring.  Animal  2  however,  only  developed  viremia  1  log  above  detection  and 
had  the  fewest  lesions.  Lesions  in  all  three  animals  began  to  desquamate  between  D 12  -  D16 
post-infection.  All  lesions  were  resolved  by  the  end  of  the  study  and  at  the  time  of  necropsy. 
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FIGURE  11.  IMAGES  OF  NHPS  INFECTED  WITH  MPXV-GFP-TDTR  D14  POST¬ 
INFECTION. 


Animals  developed  classical  disease  symptoms  (lesion  progression  and  lymphadenopathy)  as 
previously  characterized  in  (24).  (A)  Examples  of  a  scabbed  lesion  (white  arrow)  and  a 
desquamating  lesion  (black  arrow)  shown  on  the  face  of  an  animal  on  day  14.  (B)  Ulcerative 
lesions  on  the  tongue.  (C)  Pustules  located  on  the  right  palm.  (D)  Severe  axillary 
lymphadenopathy. 
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Complete  blood  counts  (CBC)  were  conducted  on  each  sample  collection  day.  The 
percent  change  as  compared  to  baseline  (DO)  levels  for  each  animal  was  calculated  and  graphed 
in  Figure  13.  In  all  3  animals,  white  blood  cell  (WBC),  red  blood  cell  (RBC),  and  platelet  (PLT) 
numbers  fluctuated  throughout  disease  course.  WBC  and  PLT  levels  peaked  on  DIO  and  D12 
post-infection  in  each  animal  (Fig.  13A  and  13C).  Animals  2  and  3  had  inconsistent  spikes  in 
RBC  levels,  but  saw  an  overall  reduction  by  D12  post- infection;  whereas  animal  1  had  a 
progressive  reduction  in  RBC  levels  through  D12  (Fig.  13B).  All  three  animals  returned  to 
baseline  levels  in  the  three  analytes  by  D18,  which  correlated  with  recovery  from  disease.  There 
was  an  abnormal  RBC  reading  associated  with  animal  1  on  D22,  which  was  the  end  of  study 
tenninal  bleed.  The  animal  was  fully  recovered  and  the  observed  value  was  a  probable  outlier  not 
related  to  disease,  though  no  control  animals  (uninfected)  were  used  in  parallel  for  this  study. 
Histopathology  indicated  enlarged  lymph  nodes  and  spleen  that  correlated  to  lymphoid 
hyperplasia  with  draining  inflammatory  cells  in  response  to  infection.  Immunohistochemical 
staining  of  isolated  tissues  were  negative  for  viral  presence  as  a  result  of  all  three  animals  fully 
recovering  from  infection  prior  to  necropsy. 
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FIGURE  12.  VIRUS  TITERS  AND  LESION  COUNTS  OF  NHPS  INFECTED  WITH 
MPXV-GFP-TDTR. 

Animals  reached  blood  virus  titers  and  lesion  count  numbers  similar  to  the  surviving  animals 
previously  characterized  in  (24).  Samples  were  collected  and  observations  recorded  every  2  d.p.i. 
(A)  Blood  virus  titers  (genomes/mL)  for  each  animal  throughout  disease  course  -  peak  values  at 
DIO  p.i.  per  animal.  (B)  Lesion  counts  per  animal,  peak  numbers  D12  p.i.  per  animal. 
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FIGURE  13.  CHANGES  IN  BLOOD  ANALYTES  IN  NHPS  INFECTED  WITH  MPXV- 
GFP-TDTR. 

Blood  samples  were  collected  every  2  d.p.i.  and  analyzed  for  complete  blood  counts  (CBC). 
Percent  change  in  cell  counts  are  shown  for  (A)  White  blood  cells,  (B)  Red  blood  cells,  and  (C) 
Platelets.  Animals  exhibited  changes  in  CBC  similar  to  the  surviving  animals  previously 
characterized  in  (24). 
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Discussion 


Though  an  effective  vaccine  exists  for  smallpox  and  monkeypox,  there  are  limitations  to 
the  use  of  this  vaccine  due  to  its  reactogenicity.  With  the  cessation  of  an  active  vaccination 
program  and  waning  herd  immunity,  a  large  susceptible  population  has  emerged  worldwide.  The 
currently  licensed  vaccine  utilizes  live  vaccinia  virus  (VACV)  which  can  cause  severe  adverse 
reactions  in  individuals  who  are  immunocompromised  (HIV  infection,  radiation  therapy, 
chemotherapy,  etc.)  or  have  skin  conditions  (psoriasis  or  eczema)  (45).  Therefore,  a  large  portion 
of  the  susceptible  population  would  be  ineligible  to  receive  vaccination.  Concurrent  with  the 
development  of  new  vaccine  candidates  (DNA  subunit),  there  has  been  a  push  to  develop  post¬ 
exposure  therapeutic  strategies  that  could  be  implemented  in  quick  response  to  potential 
orthopoxvirus  threats  (36). 

The  generation  and  utilization  of  fluorescent  viruses  can  have  a  profound  impact  on 
therapeutic  testing  and  evaluation.  Recombinant  VACV  that  express  fluorescent  proteins  at 
multiple  stages  during  virus  infection  have  been  used  in  rapid  high  content  analysis  for 
therapeutic  screening  (17).  Potential  new  compounds  were  tested  using  a  96- well  plate  infection 
format,  and  fluorescence  expression  was  quantified  using  a  fluorescence  plate  reader  (16).  One 
such  screen  yielded  the  identification  of  a  novel  pyridopyrimidinone  compound 
(CMLDBU6128)  that  exhibits  broad-spectrum  antiviral  activity  against  multiple  orthopoxviruses 
including  MPXV  in  vitro  (16).  This  nonnucleoside  analog  was  shown  to  block  intermediate  and 
late  gene  expression,  which  led  to  the  inhibition  of  viral  replication  (16). 

VACV  is  the  most  highly  studied  orthopoxvirus  due  to  its  ease  of  use  under  BSL-2 
conditions.  Although  VACV  and  MPXV  are  very  similar,  in  vitro  growth  kinetics  and  in  vivo 
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pathogenesis  are  significantly  different.  For  VACV  in  A549  cells,  early  gene  expression  occurs  2 
hr  post- infection  and  late  gene  expression  4  hr  post-infection  (17).  This  is  in  contrast  to  the 
expression  profile  we  have  observed  for  MPXV-GFP-tdTR,  where  late  gene  expression  does  not 
occur  until  9  hr  post-infection.  Due  to  differences  in  gene  expression  profiles, 
immunomodulatory  proteins,  and  pathogenesis;  it  cannot  be  assumed  that  MPXV  and  VACV 
will  respond  in  the  same  manner  to  the  same  treatment  strategy  (10,  13,  19,  36).  Therefore,  in 
order  to  demonstrate  cross-protective  action  for  newly  identified  therapeutics,  drug  evaluations 
should  also  be  done  using  MPXV  in  order  to  reproduce  the  desired  effects  with  a  more 
pathogenic  virus.  Previously,  a  recombinant  MPXV  expressing  eGFP  from  an  early  virus 
promoter  was  generated  and  characterized  (22).  eGFP  expression  was  used  to  identify  infected 
cells  that  were  expressing  early  gene  products.  However,  this  virus  provided  little  information 
about  genome  replication  and  subsequent  late  gene  expression. 

When  testing  a  therapeutic  against  orthopoxviruses,  it  can  be  informative  if  both  early 
and  late  protein  production  are  assessed  to  determine  the  effectiveness  of  the  therapeutic  and  to 
identify  the  possible  mechanism  of  action.  To  this  end,  a  MPXV  that  expressed  eGFP  from  an 
early  virus  promoter  and  tdTR  from  a  late  virus  promoter  was  generated  in  an  effort  to  further 
our  understanding  of  monkeypox  disease  and  to  better  identify  and  test  new  therapeutics.  Flow 
cytometric  analysis  revealed  a  fluorescent  expression  profile  that  could  be  assessed  and 
quantified  on  a  cell  by  cell  basis.  The  data  demonstrated  a  distinct  advantage  to  using  MPXV- 
GFP-tdTR  when  evaluating  downstream  viral  activity  in  a  particular  cell  population  in  the 
presence  and  absence  of  a  therapeutic  compound  as  evidenced  by  treatment  with  Ara-C. 

Additional  benefits  from  using  MPXV-GFP-tdTR  for  therapeutic  testing  include  the 
ability  to  quickly  determine  downstream  effects  using  visualization  techniques  by  using 
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fluorescence  microscopy  or  fluorescence  plate  readers.  Since  eGFP  signal  is  produced  very  early 
in  infection,  a  lack  or  reduction  in  eGFP  fluorescence  intensity  alone  following  treatment  with  an 
antibody  or  small  molecule  would  demonstrate  an  inhibition  of  viral  entry.  An  equal  reduction  in 
the  levels  of  both  eGFP  and  tdTR  fluorescence  would  indicate  that  the  therapeutic  functions  to 
block  early  events  during  infection  (eg.  entry,  early  gene  transcription,  etc.).  Finally,  a  reduction 
of  tdTR  alone  would  suggest  a  block  of  late  gene  expression  and  subsequent  morphogenesis, 
egress,  and  release.  The  use  of  MPXV-GFP-tdTR  would  provide  a  quick  (within  24  hr) 
assessment  of  predicted  viral  output  and  provide  initial  insight  into  whether  a  block  in  replication 
occurred  prior  to  or  following  late  gene  expression.  A  more  in  depth  analysis  of  late  gene 
expression  can  also  be  assessed  by  post-infection  treatment  with  a  therapeutic  to  determine  if  the 
compound  can  limit  active  late  gene  expression  by  preventing  fluorescence  signal  increase  over 
time.  Utilizing  this  virus  in  conjunction  with  a  rapid  high  throughput  system  such  as  a  96- well 
fluorescence  plate  reader  would  provide  an  efficient,  multiplexed  platform  for  drug  screening. 
Since  eGFP  and  tdTR  expression  are  not  directly  linked  to  mature  virion  assembly,  fluorescence 
analysis  alone  cannot  be  used  to  quantify  viable  virus  production.  Therefore,  follow  up 
experiments  must  still  be  performed  that  directly  assess  virus  production  and  release  such  as 
plaque  assays  and  growth  curves. 

In  order  to  assess  the  usefulness  of  MPXV-GFP-tdTR  for  therapeutic  development,  we 
wanted  to  run  a  proof-of-concept  study  to  test  this  virus  in  a  system  where  MPXV  inhibition  had 
already  been  demonstrated.  It  had  recently  been  shown  by  Dr.  Sara  Johnston  (USAMRIID)  that 
MPXV  production  was  significantly  reduced  in  the  presence  of  IFN-(3.  In  collaboration  with  her, 
we  tested  MPXV-GFP-tdTR  in  this  system  to  provide  supporting  data  for  the  study  and  to 
demonstrate  the  effectiveness  of  MPXV-GFP-tdTR  for  therapeutic  testing.  Using  this  virus,  we 
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further  characterized  the  inhibitory  effects  of  IFN-P  and  examined  a  possible  mechanism  of 
action  through  the  induction  of  MxA  (data  outlined  in  this  report  and  presented  in  our  recent 
publication  (34)).  Fluorescence  and  confocal  microscopy  performed  using  MPXV-GFP-tdTR 
demonstrated  an  equal  reduction  in  both  eGFP  and  tdTR  expression  following  IFN-P  treatment 
and  MxA  expression.  Both  results  indicate  that  viral  inhibition  might  occur  early  by  either 
preventing  infection  or  blocking  the  expression  of  early  proteins.  To  date,  the  effects  of  IFN-P 
treatment  on  monkeypox  infection  in  vivo  have  not  been  explored.  On  the  basis  of  our  data  we 
were  able  to  validate  the  use  of  MPXV-GFP-tdTR  for  the  future  evaluation  of  novel 
countermeasures  against  orthopoxviruses. 

We  were  also  able  to  show  the  in  vivo  application  of  MPXV-GFP-tdTR  using  a 
previously  published  IT  model  of  monkeypox  in  cynomolgus  macaques  (24).  The  results  of  this 
study  illustrated  the  ability  of  the  recombinant  virus  to  produce  a  classical  monkeypox  disease. 
Even  though  all  animals  survived  infection,  they  each  developed  high  viral  blood  titers,  lesions, 
lymphadenopathy  and  respiratory  complications.  The  reference  points  for  each  clinical  symptom 
were  detennined  based  on  the  animals  that  survived  challenge  in  our  previously  published 
manuscript  (24).  All  the  animals  that  survived  to  the  end  of  their  respective  study  experienced 
the  same  peak  in  disease  severity  between  D8  and  DIO  post-infection.  Comparative  changes  in 
CBC  values  were  seen  in  overall  RBC  depletion,  WBC  fluctuations,  and  PLT  spikes.  Peak  viral 
titers  ( 1 06)  and  lesion  counts  (100-400)  were  observed  by  DIO  in  the  surviving  animals.  We  were 
able  to  validate  the  use  of  MPXV-GFP-tdTR  for  future  in  vivo  studies  designed  to  better 
characterize  pathogenesis,  immune  cell  involvement,  and  for  therapeutic  evaluation. 

Further  validation  of  this  recombinant  virus  for  animal  use  can  be  achieved  through 
additional  NHP  studies  that  focus  on  specific  infection  patterns  within  circulating  immune  cells 
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throughout  the  disease  course.  Information  regarding  the  immune  cells  that  are  preferentially 
infected  in  vivo,  and  changes  that  occur  in  the  activation  and  functional  states  of  these  cells, 
would  expand  the  current  knowledge  of  monkeypox  pathogenesis.  One  of  the  limitations  in  this 
line  of  experimentation  has  been  the  lack  of  an  effective  antibody  assay  for  the  detection  of 
circulating  infected  cells  in  vivo.  The  use  of  MPXV-GFP-tdTR  would  allow  for  the  evaluation  of 
viral  presence  within  specific  subsets  of  immune  cells  and  provide  infonnation  on  whether  these 
cell  populations  support  a  productive  infection. 

As  part  of  the  original  thesis  research,  preliminary  experiments  were  conducted  with 
isolated  peripheral  blood  mononuclear  cells  (PBMC)  from  na'ive  NHPs  and  infected  in  vitro  with 
either  MPXV-GFP  or  MPXV-GFP-tdTR.  In  an  attempt  to  detennine  if  a  particular  subset  of 
immune  cells  were  preferentially  targeted  by  MPXV,  samples  were  stained  with  surface  marker 
antibodies  for  immunophenotyping  and  infection  frequency  determination  through  flow 
cytometry.  This  experimentation  was  designed  to  compare  the  infection  frequencies  of  specific 
immune  cells  in  vitro  to  the  infection  frequencies  observed  in  vivo;  to  determine  if  infection 
status  correlated  with  pathogenesis.  Preliminary  results  indicated  monocytes  as  being 
preferentially  infected,  based  on  eGFP  expression  profiles  using  MPXV-GFP,  which  was 
observed  in  previously  published  studies  using  VACV  in  vitro  (15,  54).  Since  eGFP  expression 
alone  did  not  provide  information  about  virus  replication,  experiments  using  MPXV-GFP-tdTR 
were  designed  to  identify  cellular  modulations  that  occur  in  monocyte  derived  cell  types 
associated  with  late  gene  expression.  The  results  were  inconclusive  and  described  in  more  detail 
in  Appendix  B. 

Sequential  sampling  NHP  studies  using  MPXV-GFP-tdTR  would  provide  an  opportunity 
for  an  in  depth  look  at  tissue  specific  infection  profiles  (specifically  lymphoid  tissues  such  as  the 
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spleen,  lymph  nodes,  and  bone  marrow).  Determining  which  cell  populations  support  productive 
infections  would  provide  a  better  understanding  of  pathogenesis  and  could  enhance  the  efficacy 
of  drug  evaluation.  Having  a  platform  to  visualize  inhibition  of  virus  replication  could  provide  a 
detection  method  for  early  therapeutic  action.  The  collection  of  bronchoalveolar  lavage  (BAL) 
fluid  during  these  studies  could  also  be  utilized  to  further  examine  the  role  of  immune  cells  that 
are  targeted  early  in  infection.  Following  respiratory  exposure,  it  is  predicted  that  lung 
epithelium  and  aveolar  macrophages  are  preferentially  targeted  and  possibly  provide  a  pathway 
for  systemic  dissemination  (18).  By  sequentially  collecting  BAL  and  tissue  samples  throughout 
disease  progression,  tracking  of  viral  dissemination  can  be  performed. 

Whole  body  fluorescent  imaging  of  nonhuman  primates  infected  with  fluorescent  viruses 
can  be  achieved  with  the  proper  excitation  source  and  camera/filter  combination  (22,  23). 
Utilizing  this  visualization  technique  with  MPXV-GFP-tdTR  for  therapeutic  evaluation  would 
provide  real-time  data  to  assess  the  likely  effectiveness  of  treatment  in  visible  areas  (skin,  oral 
cavity).  This  would  allow  for  earlier  identification  of  virus  infection,  which  was  described  in  (21) 
as  fluorescent  foci  2  days  prior  to  lesion  development.  Foci  that  fail  to  express  tdTR  would 
provide  preliminary  information  about  virus  replication  in  the  absence  of  tissue  samples  for 
plaque  assay  and  PCR.  In  addition,  the  progress  of  infection  can  be  readily  tracked  without 
interfering  with  physical  and  clinical  observations  of  an  infected  animal,  a  practice  that  cannot  be 
achieved  during  a  sequential  sampling  study. 

In  summary,  smallpox  and  monkeypox  remain  viable  biological  threats  given  the 
increasing  size  of  the  susceptible  population  and  the  limitations  of  current  vaccination  strategies. 
Therefore,  it  is  important  that  we  work  to  develop  and  test  post-exposure  therapeutics.  To  fulfill 
the  FDA  animal  rule,  many  animal  models  have  been  developed  to  replicate  human  disease.  To 
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date,  none  of  the  available  models  of  MPXV  infection  replicate  all  of  the  features  of  human 
infection,  although  nonhuman  primate  models  have  come  close.  Here,  I  have  discussed  the 
generation  of  a  new  recombinant  MPXV  that  has  been  validated  for  the  evaluation  of  an  antiviral 
therapeutic  (  I  F N - fl )  and  shown  to  exhibit  some  pathogenesis  in  NHPs  (IT  exposure  route).  The 
data  strongly  support  the  future  use  of  this  virus  in  animal  model  and  therapeutic  development 
studies. 
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Appendix  A 


Additional  manuscript  contributions. 

The  following  material  was  generated  from  five  animal  studies  involving  B ALB/c  mice  infected 
with  Rift  Valley  Fever  Virus  and  will  appear  in  greater  detail  in  two  manuscripts  currently 
submitted  or  in  preparation: 

1.  Brian  M.  Friedrich,  Kenny  Lin,  John  Langford,  Spencer  Stonier,  Louis  Altamura,  Gene 
Olinger,  and  Darci  R.  Smith,  Aerosolized  Rift  Valley  Fever  Virus  Exposure  Causes  a 
Significant  Difference  in  the  Chemotactic  and  Inflammatory  Gene  Expression  Response  in 
the  Murine  Model  (In  Preparation). 

Scientific  contributions: 

My  contributions  were  primarily  through  technical  laboratory  support  in  isolating, 
preparing,  and  staining  samples  of  PBMCs  and  spleens  for  flow  cytometric  and 
mRNA  analysis  from  170  animals.  I  was  involved  with  the  design,  analysis,  and 
preparation  of  the  written  portions  (methods,  results  and  analysis)  for  the  flow 
cytometry  data.  I  was  also  involved  in  the  discussions  with  Dr.  Smith  (corresponding 
author  and  study  director)  that  lead  to  the  publication  ready  organization  of  the 
cytokine  and  chemokine  mRNA  gene  expression  results. 

2.  Christopher  Reed,  Kenny  Lin,  Catherine  Wilhelmsen,  Brian  Friedrich,  Ashley  Keeney, 
Ginger  Donnelly,  Joshua  Shamblin,  and  Darci  R.  Smith,  Aerosolized  Rift  Valley  Fever  Virus 
Causes  Earlier  and  More  Severe  Neuropathology  in  the  Murine  Model,  which  has  Important 
Implications  for  Therapeutic  Development  (Submitted,  PLOS  NTD). 
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Scientific  contributions: 


My  contributions  were  primarily  through  technical  laboratory  support  and  through 
multiple  discussions  with  Dr.  Smith  (corresponding  author  and  study  director)  about 
the  inclusion,  exclusion,  and  organization  of  the  results  for  publication. 

Rift  Valley  Fever  Virus  (RVFV)  is  a  zoonotic  bunyavirus  in  the  Phlebovirus  genus  that 
infects  livestock  and  humans  throughout  Sub-Saharan  Africa  and  Egypt.  Mosquito  species 
(. Aedes  and  Culex )  are  the  predominant  vectors  responsible  for  primary  infections,  though  contact 
(aerosol  exposure)  with  infected  biological  materials  has  also  been  implicated.  RVFV  infection 
in  humans  usually  presents  as  headache,  myalgia,  fever,  and  in  certain  cases  (~1%)  retinitis, 
hepatitis,  encephalitis,  hemorrhage,  and  even  death.  RVFV  poses  a  biological  threat  because  the 
vector  species  is  distributed  globally,  the  virus  is  highly  infectious  as  an  aerosol,  and  an  outbreak 
can  have  devastating  effects  on  a  region’s  livestock.  Current  treatment  strategies  include 
supportive  therapy  and  the  limited  use  of  ribavirin.  The  development  of  representative  animal 
models  of  disease  progression  is  critical  for  therapeutic  advancement.  (47,  53) 

Due  to  the  scope  and  number  of  animals  involved  in  the  following  studies,  the  technical 
work  was  divided  amongst  two  working  groups:  those  involved  with  animal  handling,  and  those 
involved  with  sample  processing.  I  worked  solely  within  the  sample  processing  group,  and 
closely  with  the  study  director  for  experimental  design,  execution,  and  data  analysis. 

To  further  expand  our  understanding  of  disease  pathogenesis,  six-  to  eight- week  old 
female  BALB/c  mice  were  infected  with  1000  PFU  of  the  ZH501  strain  of  RVFV  either 
subcutaneously  (SC)  or  through  aerosol  exposure.  SC  inoculations  were  perfonned  with  a 
volume  of  100  pL  of  virus  inoculum.  Aerosol  exposure  was  performed  using  a  collision 
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nebulizer  for  10  min.  The  study  was  divided  into  three  experiments:  the  first  was  to  monitor 
survival  and  collect  biological  samples  following  humane  euthanasia  when  the  animals  were 
moribund  D3  -  D9  post-infection.  The  second  was  a  serial  sampling  study,  and  the  third  was 
designed  to  evaluate  the  effect  of  ribavirin  treatment  on  disease  progression.  Daily  animal 
observations  included  changes  in  weight,  temperature,  natural  behavior,  physical  appearance  and 
activity. 

Blood  and  tissues  were  collected  for  viral  titer  detennination,  histopathology,  electron 
microscopy,  blood  chemistry  and  hematology  analysis.  White  blood  cells  (WBC)  were  isolated 
from  whole  blood  (collected  at  necropsy)  and  splenocytes  for  flow  cytometry  and  miRNA 
expression  assays.  The  flow  cytometry  staining  panel  included  cell  surface  markers  for 
immunophenotyping  and  the  virus-specific  antibody  4D4,  which  targeted  the  viral  glycoprotein 
Gn  on  the  cell  surface.  Changes  in  cytokine  and  chemokine  mRNA  gene  expression  profiles 
were  characterized  using  the  nCounter  miRNA  Expression  Assay  (nanoString  Technologies, 
WA). 

Based  on  the  results,  we  concluded  that  there  was  no  significant  difference  in  mortality 
between  the  exposure  routes;  however,  there  were  pathophysiological  differences  in  disease 
progression.  Animals  infected  through  aerosol  exposure  exhibited  more  weight  loss,  higher 
levels  of  virus  in  the  brain,  more  severe  neuropathology,  and  greater  changes  in  cytokine 
expression  profiles.  Animals  infected  SC  had  significantly  more  RVFV  positive  staining  in 
circulating  lymphocytes  and  monocytes  as  demonstrated  by  flow  cytometry.  Both  routes  of 
infection  led  to  acute  hepatitis,  a  reduction  in  lymphocytes,  and  an  increase  in  liver  enzymes  and 
neutrophils.  Preliminary  cytokine  and  chemokine  gene  expression  results  suggested  a  modulation 
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of  pro-inflammatory  genes  could  be  an  early  predictor  for  disease  severity,  though  further 
analysis  is  required. 

Post-exposure  treatment  with  ribavirin  was  partially  protective  when  animals  were 
infected  SC,  but  was  not  effective  when  animals  were  infected  by  aerosol  exposure.  Treatment  of 
the  SC  group  resulted  in  reduced  weight  loss,  less  fluctuations  in  temperature,  and  increased 
survival.  Though  treated  animals  infected  by  aerosol  exposure  exhibited  the  same  disease 
progression  as  untreated  animals,  the  mean  time  to  death  was  extended  by  3.5  days,  indicating 
that  treatment  had  some  impact  on  disease  progression.  The  exact  mechanism  of  antiviral  action 
of  ribavirin  on  RVFV  is  not  well  understood,  but  a  possible  explanation  for  the  differential 
effectiveness  for  SC  and  aerosol  could  be  aggressive  neural  involvement  associated  with  aerosol 
exposure  and  a  limited  ability  of  ribavirin  to  cross  the  blood-barrier.  Therefore,  ribavirin 
treatment  would  not  be  a  recommend  treatment  strategy  for  aerosol  exposure  to  RVFV. 

In  summary,  our  results  demonstrated  differences  in  RVF  pathogenesis  were  associated 
with  route  of  infection.  The  increased  viral  replication  in  the  brain  and  subsequent  encephalitis 
seen  with  aerosol  exposure  mimic  the  severest  form  of  human  RVF  disease.  The  differences  in 
disease  and  response  to  ribavirin  treatment  highlighted  the  importance  of  considering  route  of 
infection  for  the  evaluation  of  therapeutics,  and  the  increased  need  for  better  RVFV  specific 
treatment  strategies.  More  in-depth  evaluation  regarding  immune  cell  infection  frequencies, 
cytokine/chemokine  modulations,  and  site  of  primary  virus  replication  in  relation  to  disease 
severity  are  being  performed  to  further  our  understanding  of  these  infection  models. 
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Appendix  B 


Additional  material  not  included  in  thesis. 

One  of  the  intended  uses  of  the  MPXV-GFP-tdTR  strain  was  to  test  the  hypothesis  that 
monocyte  derived  cell  types  were  preferentially  targeted  (in  circulation)  during  monkeypox 
infections,  and  that  subsequent  changes  in  activation/maturation  of  the  infected  cells  would 
correlate  to  changes  in  the  pro-inflammatory  cytokine  profile,  influencing  disease  progression. 
The  first  aim  was  to  confirm  monocytes  as  a  preferentially  targeted  immune  cell  population.  The 
second  aim  was  to  identify  what  cellular  modulations  (changes  in  activation  and  cytokine 
regulation)  occurred  in  these  monocyte  populations  associated  with  late  gene  expression.  The 
third  aim  was  to  determine  if  in  vitro  changes  correlated  to  disease  progression  seen  in  NHPs. 

The  first  level  of  experimentation  involved  PBMCs  isolated  from  NHPs,  and  their 
subsequent  infection  with  MPXV-GFP  in  vitro.  Preliminary  immunophenotyping  data  of  the 
mixed  PBMCs  showed  CD  14+  monocytes  as  a  targeted  cell  population.  The  percentage  of 
infected  (GFP  +)  cells  was  less  than  10%  of  the  total  cells,  which  was  attributed  to  the  low 
overall  number  of  pennissive  cell  types  found  in  the  non-homogenous  population.  As  a  result, 
several  different  strategies  were  implemented  to  increase  the  number  of  monocytes  isolated  from 
NHP  EDTA  blood  prior  to  infection.  These  strategies  included:  magnetic  bead  separations  (both 
positive  and  negative  selection),  cellular  adhesion/separation  through  plating,  blood  centrifugal 
elutriation,  and  cellular  sorting  through  flow  cytometry  (FACSAria  II,  BD).  Due  to  the 
limitations  associated  with  using  NHP  blood  (low  volume,  restrictions  on  how  frequent  an 
animal  can  be  bled,  reagent  cross-reactivity,  animal  variability,  and  overall  cell  numbers),  none 
of  the  isolation  techniques  produced  a  high  yield  of  pure,  isolated  monocytes.  Therefore,  many 
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of  the  downstream  experiments  (associated  with  aims  two  and  three)  failed  to  produce 
conclusive  data.  Complicated  surface  staining  panels,  low  cell  numbers,  and  improper  antibody 
optimizations  confounded  the  flow  cytometry  experiments  designed  to  assess  infected  monocyte 
subpopulations  and  activation  status.  Furthennore,  the  low  sample  sizes  did  not  yield  a  viable 
platform  to  properly  assess  changes  in  cytokine  gene  expression  (mRNA  analysis)  or  cytokine 
production  (CBA  analysis).  I  also  attempted  to  obtain  PBMCs  from  NHPs  that  were  infected  IT 
with  MPXV-GFP-tdTR  (see  results  section).  Unfortunately,  similar  complications  were 
encountered,  severely  limiting  the  amount  of  infonnation  obtained  from  the  study.  In  addition  to 
blood  collections,  bronchoalveolar  lavage  was  also  performed  (every  4  days)  on  all  three  animals 
to  determine  if  alveolar  macrophages  were  a  targeted  early  in  infection.  However,  the  volume 
and  the  number  of  viable  cells  collected  were  not  enough  to  provide  conclusive  staining  profiles 
or  confirm  viral  presence. 

Though  the  results  were  mostly  inconclusive,  I  found  some  evidence  that  supported  the 
hypothesis  that  monocytes  are  more  readily  infected  than  lymphocytes  in  NHPs  infected  with 
MPXV.  Preliminary  results  suggested  an  arrest  of  viral  replication  at  early  gene  expression  in 
MPXV-GFP-tdTR  infected  monocytes,  which  was  based  on  the  inhibition  of  tdTR  expression  as 
evidenced  through  fluorescent  microscopy  and  flow  cytometry;  however  these  experiments 
required  further  validation.  To  properly  assess  the  role  of  monocytes  in  MPXV  infections,  these 
experiments  need  to  be  repeated  with  appropriate  controls  and  optimizations.  I  would  suggest  the 
use  of  isolated  human  monocytes  to  remedy  the  complications  of  using  immune  cells  isolated 
from  NHPs  for  future  in  vitro  experiments.  However,  doing  so  would  limit  the  ability  to  correlate 
the  results  to  an  in  vivo  NHP  disease  system,  which  currently  stands  as  the  best  surrogate  for 
human  monkeypox. 
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Figure  1:  Orthopoxvirus  Replication  Cycle 
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Figure  2:  Human  Monkeypox  Distribution  in  Africa 
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APPLICABLE  SOCIETY  COPYRIGHT  OWNER]."  Also  Lancet  special  credit  - 
"Reprinted  from  The  Lancet,  Vol.  number,  Author(s),  Title  of  article,  Pages  No., 
Copyright  (Year),  with  permission  from  Elsevier." 

4.  Reproduction  of  this  material  is  confined  to  the  purpose  and/or  media  for  which 
permission  is  hereby  given. 

5.  Altering/Modifying  Material:  Not  Permitted.  However  figures  and  illustrations  may 
be  altered/adapted  minimally  to  serve  your  work.  Any  other  abbreviations, 
additions,  deletions  and/or  any  other  alterations  shall  be  made  only  with  prior 
written  authorization  of  Elsevier  Ltd.  (Please  contact  Elsevier  at 
permissions@elsevier.com) 

6.  If  the  permission  fee  for  the  requested  use  of  our  material  is  waived  in  this 
instance,  please  be  advised  that  your  future  requests  for  Elsevier  materials  may 
attract  a  fee. 

7.  Reservation  of  Rights:  Publisher  reserves  all  rights  not  specifically  granted  in  the 
combination  of  (i)  the  license  details  provided  by  you  and  accepted  in  the  course  of 
this  licensing  transaction,  (ii)  these  terms  and  conditions  and  (iii)  CCC's  Billing  and 
Payment  terms  and  conditions. 

8.  License  Contingent  Upon  Payment:  While  you  may  exercise  the  rights  licensed 
immediately  upon  issuance  of  the  license  at  the  end  of  the  licensing  process  for  the 
transaction,  provided  that  you  have  disclosed  complete  and  accurate  details  of 
your  proposed  use,  no  license  is  finally  effective  unless  and  until  full  payment  is 
received  from  you  (either  by  publisher  or  by  CCC)  as  provided  in  CCC's  Billing  and 
Payment  terms  and  conditions.  If  full  payment  is  not  received  on  a  timely  basis, 
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then  any  license  preliminarily  granted  shall  be  deemed  automatically  revoked  and 
shall  be  void  as  if  never  granted.  Further,  in  the  event  that  you  breach  any  of 
these  terms  and  conditions  or  any  of  CCC's  Billing  and  Payment  terms  and 
conditions,  the  license  is  automatically  revoked  and  shall  be  void  as  if  never 
granted.  Use  of  materials  as  described  in  a  revoked  license,  as  well  as  any  use  of 
the  materials  beyond  the  scope  of  an  unrevoked  license,  may  constitute  copyright 
infringement  and  publisher  reserves  the  right  to  take  any  and  all  action  to  protect 
its  copyright  in  the  materials. 

9.  Warranties:  Publisher  makes  no  representations  or  warranties  with  respect  to 
the  licensed  material. 

10.  Indemnity:  You  hereby  indemnify  and  agree  to  hold  harmless  publisher  and 
CCC,  and  their  respective  officers,  directors,  employees  and  agents,  from  and 
against  any  and  all  claims  arising  out  of  your  use  of  the  licensed  material  other 
than  as  specifically  authorized  pursuant  to  this  license. 

11.  No  Transfer  of  License:  This  license  is  personal  to  you  and  may  not  be 
sublicensed,  assigned,  or  transferred  by  you  to  any  other  person  without 
publisher's  written  permission. 

12.  No  Amendment  Except  in  Writing:  This  license  may  not  be  amended  except  in 
a  writing  signed  by  both  parties  (or,  in  the  case  of  publisher,  by  CCC  on  publisher's 
behalf). 

13.  Objection  to  Contrary  Terms:  Publisher  hereby  objects  to  any  terms  contained 
in  any  purchase  order,  acknowledgment,  check  endorsement  or  other  writing 
prepared  by  you,  which  terms  are  inconsistent  with  these  terms  and  conditions  or 
CCC's  Billing  and  Payment  terms  and  conditions.  These  terms  and  conditions, 
together  with  CCC's  Billing  and  Payment  terms  and  conditions  (which  are 
incorporated  herein),  comprise  the  entire  agreement  between  you  and  publisher 
(and  CCC)  concerning  this  licensing  transaction.  In  the  event  of  any  conflict 
between  your  obligations  established  by  these  terms  and  conditions  and  those 
established  by  CCC’s  Billing  and  Payment  terms  and  conditions,  these  terms  and 
conditions  shall  control. 

14.  Revocation:  Elsevier  or  Copyright  Clearance  Center  may  deny  the  permissions 
described  in  this  License  at  their  sole  discretion,  for  any  reason  or  no  reason,  with 
a  full  refund  payable  to  you.  Notice  of  such  denial  will  be  made  using  the  contact 
information  provided  by  you.  Failure  to  receive  such  notice  will  not  alter  or 
invalidate  the  denial.  In  no  event  will  Elsevier  or  Copyright  Clearance  Center  be 
responsible  or  liable  for  any  costs,  expenses  or  damage  incurred  by  you  as  a  result 
of  a  denial  of  your  permission  request,  other  than  a  refund  of  the  amount(s)  paid 
by  you  to  Elsevier  and/or  Copyright  Clearance  Center  for  denied  permissions. 

LIMITED  LICENSE 

The  following  terms  and  conditions  apply  only  to  specific  license  types: 

15.  Translation:  This  permission  is  granted  for  non-exclusive  world  English 
rights  only  unless  your  license  was  granted  for  translation  rights.  If  you  licensed 
translation  rights  you  may  only  translate  this  content  into  the  languages  you 
requested.  A  professional  translator  must  perform  all  translations  and  reproduce 
the  content  word  for  word  preserving  the  integrity  of  the  article.  If  this  license  is  to 
re-use  1  or  2  figures  then  permission  is  granted  for  non-exclusive  world  rights  in  all 
languages. 
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16.  Website:  The  following  terms  and  conditions  apply  to  electronic  reserve  and 
author  websites: 

Electronic  reserve:  If  licensed  material  is  to  be  posted  to  website,  the  web  site 
is  to  be  password-protected  and  made  available  only  to  bona  fide  students 
registered  on  a  relevant  course  if: 

This  license  was  made  in  connection  with  a  course. 

This  permission  is  granted  for  1  year  only.  You  may  obtain  a  license  for  future 
website  posting, 

All  content  posted  to  the  web  site  must  maintain  the  copyright  information  line  on 
the  bottom  of  each  image, 

A  hyper-text  must  be  included  to  the  Homepage  of  the  journal  from  which  you  are 
licensing  at  http://www.sciencedirect.com/science/journal/xxxxx  or  the  Elsevier 
homepage  for  books  at  http://www.elsevier.com  ,  and 

Central  Storage:  This  license  does  not  include  permission  for  a  scanned  version  of 
the  material  to  be  stored  in  a  central  repository  such  as  that  provided  by 
Heron/XanEdu. 

17.  Author  website  for  journals  with  the  following  additional  clauses: 

All  content  posted  to  the  web  site  must  maintain  the  copyright  information  line  on 
the  bottom  of  each  image,  and  the  permission  granted  is  limited  to  the  personal 
version  of  your  paper.  You  are  not  allowed  to  download  and  post  the  published 
electronic  version  of  your  article  (whether  PDF  or  HTML,  proof  or  final  version),  nor 
may  you  scan  the  printed  edition  to  create  an  electronic  version.  A  hyper-text  must 
be  included  to  the  Homepage  of  the  journal  from  which  you  are  licensing  at 
http://www.sciencedirect.com/science/iournal/xxxxx  .  As  part  of  our  normal 
production  process,  you  will  receive  an  e-mail  notice  when  your  article  appears  on 
Elsevier's  online  service  ScienceDirect  (www.sciencedirect.com).  That  e-mail  will 
include  the  article's  Digital  Object  Identifier  (DOI).  This  number  provides  the 
electronic  link  to  the  published  article  and  should  be  included  in  the  posting  of 
your  personal  version.  We  ask  that  you  wait  until  you  receive  this  e-mail  and  have 
the  DOI  to  do  any  posting. 

Central  Storage:  This  license  does  not  include  permission  for  a  scanned  version  of 
the  material  to  be  stored  in  a  central  repository  such  as  that  provided  by 
Heron/XanEdu. 

18.  Author  website  for  books  with  the  following  additional  clauses: 

Authors  are  permitted  to  place  a  brief  summary  of  their  work  online  only. 

A  hyper-text  must  be  included  to  the  Elsevier  homepage  at 
http://www.elsevier.com  .  All  content  posted  to  the  web  site  must  maintain  the 
copyright  information  line  on  the  bottom  of  each  image.  You  are  not  allowed  to 
download  and  post  the  published  electronic  version  of  your  chapter,  nor  may  you 
scan  the  printed  edition  to  create  an  electronic  version. 

Central  Storage:  This  license  does  not  include  permission  for  a  scanned  version  of 
the  material  to  be  stored  in  a  central  repository  such  as  that  provided  by 
Heron/XanEdu. 

19.  Website  (regular  and  for  author):  A  hyper-text  must  be  included  to  the 
Homepage  of  the  journal  from  which  you  are  licensing  at 
http://www.sciencedirect.com/science/iournal/xxxxx.  or  for  books  to  the  Elsevier 
homepage  at  http://www.elsevier.com 

20.  Thesis/Dissertation:  If  your  license  is  for  use  in  a  thesis/dissertation  your 
thesis  may  be  submitted  to  your  institution  in  either  print  or  electronic  form. 

Should  your  thesis  be  published  commercially,  please  reapply  for  permission.  These 
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requirements  include  permission  for  the  Library  and  Archives  of  Canada  to  supply 
single  copies,  on  demand,  of  the  complete  thesis  and  include  permission  for  UMI  to 
supply  single  copies,  on  demand,  of  the  complete  thesis.  Should  your  thesis  be 
published  commercially,  please  reapply  for  permission. 

21.  Other  Conditions: 
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If  you  would  like  to  pay  for  this  license  now,  please  remit  this  license  along  with  your 
payment  made  payable  to  "COPYRIGHT  CLEARANCE  CENTER"  otherwise  you  will  be 
invoiced  within  48  hours  of  the  license  date.  Payment  should  be  in  the  form  of  a  check 
or  money  order  referencing  your  account  number  and  this  invoice  number 
RLNK500867006. 

Once  you  receive  your  invoice  for  this  order,  you  may  pay  your  invoice  by  credit  card. 
Please  follow  instructions  provided  at  that  time. 

Make  Payment  To: 

Copyright  Clearance  Center 
Dept  001 
P.O.  Box  843006 
Boston,  MA  02284-3006 

For  suggestions  or  comments  regarding  this  order,  contact  RightsLink  Customer 
Support:  customercareOcoDvrio ht.com  or  + 1-877-622-5543  (toll  free  in  the  US)  or  +1- 
978-646-2777. 

Gratis  licenses  (referencing  $0  in  the  Total  field)  are  free.  Please  retain  this  printable 
license  for  your  reference.  No  payment  is  required. 
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